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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to cardiac mus- 
cular control, in particular control using non-excitatory 
electrical signals. 

RELATED APPLICATIONS 

[0002] The present application is related to the follow- 
ing U.S. and Israeli applications, the disclosures of 
which are incorporated herein by reference: U.S. provi- 
sional application 60/009,769, titled "Cardiac Bectro- 
mechanics", filed on January 11, 1996, Israel application 
116,699, titled "Cardiac Eiectromechanics", filed on 
January 8, 1996, U.S. Provisional application 
60/011,117, titled "Electrical Muscle Controller", filed 
February 5, 1996, Israel application 119,261, titled 
"Electrical Muscle Controller", filed September 17, 
1996, U.S. Provisional application 60/026,392, titled 
"Electrical Muscle Controller", filed September 16, 1996 
and U.S. Application Serial Number 08/595,365 titled 
"Cardiac Electromechantcs", filed February 1, 1996. 



BACKGROUND OF THE INVENTION 

[0003] The heart is a muscular pump whose mechan- 
ical activation is controlled by electrical stimulation gen- 
erated at a right atrium and passed to the entire heart. 
In a normal heart, the electrical stimulation that drives 
the heart originates as action potentials in a group of 
pacemaker cells lying in a sino-atrial (SA) node in the 
right atrium. These action potentials then spread rapidly 
to both right and left atria. When the action potential 
reaches an un activated muscle cell, the cell depolarizes 
(thereby continuing the spread of the action potential) 
and contracts. The action potentials then enter the 
heart's conduction system and, after a short delay, 
spread through the left and right ventricles of the heart. 
It should be appreciated that activation signals are prop- 
agated within the heart by sequentially activating con- 
nected muscle fibers. Each cardiac muscle eel! gener- 
ates a new action potential for stimulating the next cell, 
after a short delay and in response to the activation sig- 
nal which reaches it. Regular electrical currents can be 
conducted in the heart, using the electrolytic properties 
of the body fluids, however, due the relatively large re- 
sistance of the heart muscle, this conduction cannot be 
used to transmit the activation signal. 
[0004] In a muscle cell of a cardiac ventricle, the rest- 
ing potential across its cellular membrane is approxi- 
mately -90 mV (millivolts) {the inside is negatively 
charged with respect to the outside). Fig, 1A shows a 
transmembrane action potential of a ventricle cardiac 
muscle cell during the cardiac cycle. When an activation 
signal reaches one end of the cell, a depolarization wave 
rapidly advances along the cellular membrane until the 



entire membrane is depolarized, usually to approxi- 
mately +20 mV (23). Complete depolarization of the cell 
membrane occurs in a very short time, about a few mil- 
lisecond. The cell then rapidly (not as rapid as the de- 

5 polarization) depolarizes by about 10 mV. After the rapid 
depolarization, the cell slowly repolarizes by about 20 
mV over a period of approximately 200-300 msec (mil- 
liseconds), called the plateau (25). It is during the pla- 
teau that the muscle contraction occurs. At the end of 

10 the plateau, the cell rapidly repolarizes (27) back to its 
resting potential (21). Different cardiac muscle cells 
have different electricaf characteristics, in particular, 
cells in an SA node do not have a substantial plateau 
and do not reach as low a resting potential as ventricular 

15 cells. 

[0005J In the following discussion, it should be appre- 
ciated that the exact mechanisms which govern action 
potentials and ionic pumps and channels are only partly 
known. Many theories exist and the field in is a constant 

20 state of flux. 

[0006] The electrical activity mirrors chemical activity 
in a cell. Before depolarization (at resting), the concen- 
tration of sodium ions inside the cell is about one tenth 
the concentration in the interstitial fluid outside the cell, 

25 Potassium ions are about thirty-fivo times rnoro concen- 
trated inside the cell than outside. Calcium ions are over 
ten thousand times more concentrated outside the cell 
than inside the cell. These concentration differentials 
are maintained by the selective permeability of the 

30 membrane to different ions and by ionic pumps in the 
membrane of the cell which continuously pump sodium 
and calcium ions out and potassium ions in. One result 
of the concentration differences between the cell and 
the external environment is a large negative potential 

35 inside the cell, about 90 mV as indicated above. 

[0007] When a portion of the cell membrane is depo- 
larized, such as by an action potential, the depolariza- 
tion wave spreads along the membrane. This wave 
causes a plurality of voltage-gated sodium channels to 

40 open. An influx of sodium through these channels rap- 
idly changes the potential of the membrane from nega- 
tive to positive (23 in Fig. 1A). Once the voltage be- 
comes less negative, these channels begin to close, and 
do not open until the cell is again depolarized. It should 

45 be noted thatthe sodium channels must be at a negative 
voltage of at least a particular value in orderto be primed 
for reopening. Thus, these channels cannot be opened 
by an activation potential before the cell has sufficiently 
repolarized. In most cells, the sodium channels usually 

50 close more gradually than they open. After the rapid de- 
polarization, the membrane starts a fast repolarization 
process. The mechanism for the fast repolarization is 
not fully understood, although closing of the sodium 
channels appears to be an important factor. Following 

55 a short phase of rapid repolarization, a relatively long 
period {200-300 msec) of slow repolarization term the 
plateau stage (25 in Fig. 1 A) occurs. During the plateau 
it is not believed to be possible to initiate another actron 
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potential in the cell, because the sodium channels are 
inactivated. 

[0008] Two mechanisms appear to be largely respon- 
sible for the long duration of the plateau, an inward cur- 
rent of calcium ions and an outward current of potassium 5 
ions. Both currents flow with their concentration gradi- 
ents, across the membrane. The net result is that the 
two types of current electrically subtract from each other 
In general, the flow of potassium and calcium is many 
times slower than the flow of the sodium, which Is the 10 
reason why the plateau lasts so long. According to some 
theories, the potassium channels may also open as a 
result of the action potential, however, the probability of 
a potassium channel opening is dependent on the po- 
tential. Thus, many channels open only after the depo- 15 
larizationof the cell is underway or completed. Possibly, 
at least some of the potassium channels are activated 
by the calcium ions. In addition, some of the potassium 
channels are triggered by the repolarization of the mem- 
brane. The membrane permeability to potassium grad- 20 
ually increases, following its drop during the rapid depo- 
larization (23). The calcium channels also conduct so- 
dium back into the cell, which helps extend the plateau 
duration. 

[0009] The inward calcium current during the normal 
cardiac action potential contributes to the action poten- 
tial plateau and is also involved in the contractions (di- 
rectly and/or indirectly) in the cardiac muscle cells. In a 
process termed calcium induced calcium release, the 
inward current of calcium induces the release of calcium 30 
ions stored in intracellular calcium stores (probably the 
sacroplasmic reticulum). The existence and importance 
of a physical link between the reticulum and the calcium 
channels in cardiac muscle is unclear. However, the re- 
sponse curve of these calcium stores may be bell- 35 
shaped, so that too great an Influx of calcium may re- 
duce the amount of available calcium relative to amount 
made available by a smaller influx. 
[0Q10] In single cells and in groups of cells, time is 
required for cells to recover partial and full excitability 40 
during the repolarization process. While the cell is repo- 
larizing (25, 27 in Fig. 1 A), it enters a state of hyper po- 
larization, during which the cell cannot be stimulated 
again to fire a new action potential. This state is called 
the refractory period. The refractory period is divided in- 45 
to two parts. During an absolute refractory period, the 
cell cannot be re-excited by an outside stimulus, regard- 
less of the voltage level of the stimulus. During a relative 
refractory period, a much largerthan usual stimulus sig- 
nal is required to cause the cell to fire a new action po- 50 
tential. The refractory state is probably caused by the 
sodium channels requiring priming by a negative volt- 
age, so the cell membrane cannot depolarize by flow of 
sodium ions until it is sufficiently repolarized. Once the 
cell returns to its resting potential (21), the celi may be 55 
depolarized again. 

[001 1] In an experimental methodology called voltage 
clamping, an electrical potential is maintained across at 



least a portion of a cell membrane to study the effects 
of voltage on ionic channels, ionic pumps and on the 
reactivity of the cell. 

[0912] It is known that by applying a positive potential 
across the membrane, a cell may be made more sensi- 
tive to a depolarization signal. Some cells in the heart, 
such as the cells in the SA node (the natural pacemaker 
of the heart) have a resting potential of about -55 mV. 
As a resuEt, their voltage-gated sodium channels are 
permanently inactivated and the depolarization stage 
(23) is slower than in ventricular cells (in general, the 
action potential of an SA node cell is different from that 
shown in Fig 1A). However, cells in the SA node have 
a built-in leakage current, which causes a self-depolari- 
zation of the cell on a periodic basis, in general, it ap- 
pears that when the potential of a cell stay below about 
-60 mV for a few msec, the voltage-gated sodium chan- 
nels are blocked. Applying a negative potential across 
its membrane make a cell less sensitive to depolariza- 
tion and also hyperpolarizes the cell membrane, which 
seems to reduce conduction velocity. 
[0013] In modern cardiology many parameters of the 
heart's activation can be controlled. Pharmaceuticals 
can be used to control the conduction velocity, excita- 
bility, contractility and duration of the refractory pe riod s 
in the heart. These pharmaceuticals may be used to 
treat arrhythmias and prevent fibrillations. A special kind 
of control can be achieved using a pacemaker. A pace- 
maker is an electronic device which is typically implant- 
ed to replace the heart's electrical excitation system or 
to bypass a blocked portion of the conduction system. 
In some types of pacemaker implantation, portions of 
the heart's conduction system, for example an atrial- 
ventricte (AV) node, must be ablated in order for the 
pacemaker to operate correctly. 

[0014] Another type of cardiac electronic device is a 
defibrillator. As an end result of many diseases, the 
heart may become more susceptible to fibrillation, in 
which the activation of the heart is substantially random. 
A defibrillator senses this randomness and resets the 
heart by applying a high voltage hmpulse(s) to the heart. 
[0015] Pharmaceuticals are generally limited in effec- 
tiveness in that they affect both healthy and diseased 
segments of the heart, usually* with a relatively low pre- 
cision. Electronic pacemakers, are further limited in that 
they are invasive, generally require destruction of heart 
tissue and are not usually optimal in their effects. Defi- 
brillators have substantially only one limitation. The act 
of defibrillation is very painful to the patient and traumat- 
ic to the heart. 

[0016] "Electrical Stimulation of Cardiac Myoctes," by 
Ravi Ranjan and Nitish V. Thakor, in Annals of Biomed- 
ical Engineering, Vol. 23, pp. 812-821 , published by the 
Biomedical Engineering Society, 1995, the disclosure of 
which is incorporated herein by reference, describes 
several experiments in applying electric fields to cardiac 
muscle cells. These experiments were performed to test 
theories relating to electrical defibrillation, where each 
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cell is exposed to different strengths and different rela- 
tive orientations of electric fields. One result of these ex- 
periments was the discovery that if a defibrillation shock 
is applied during repolarization, the repolarization time 
Is extended. In addition, it was reported that cells have 
a preferred polarization. Cardiac muscle ceils tend to be 
more irregular at one end than at the other. It is theo- 
rized, in the article, that local "hot spots" of high electrical 
fields are generated at these irregularities and that these 
"hot spots" are the sites of initial depolarization within 
the cell, since it is at these sites that the threshold for 
depolarization is first reached. This theory also explains 
another result, namely that cells are more sensitive to 
electric fields in their longitudinal direction than in their 
transverse direction, since the irregularities are concen- 
trated at the cell ends. In addition, the asymmetric irreg- 
ularity of the cells may explain results which showed a 
preferred polarity of the applied electric field. 
[0017] The electrical activation of skeleton muscle 
cells is similar to that of cardiac cells in that a depolari- 
zation event induces contraction of muscle fibers. How- 
ever, skeleton muscle is divided into isolated muscle 
bundles, each of which is individually enervated by ac- 
tion potential generating nerve cells. Thus, the effect of 
an action potential is local, while in a cardiac muscle, 
where a n the muscle cells are electrically connected, an 
action potential is transmitted to the entire heart from a 
single loci of action potential generation. In addition, the 
chemical aspects of activation of skeletal muscle is 
somewhat different from those of cardiac muscle. 
[001 8] "Muscle Recruitment with Infrafascicular Elec- 
trodes", by Nicola Nannini and Kenneth Horch, IEEE 
Transactions on Biomedical Engineering, Vol. 38, No. 8, 
pp. 769-776, August 1991 , the disclosure of which is in- 
corporated herein by reference, describes a method of 
varying the contractile force of skeletal muscles, by "re- 
cruiting" a varying number of muscle fibers. In recruiting, 
the contractile force of a muscle is determined by the 
number of muscle fibers which are activated by a stim- 
ulus. 

[0019] However, it is generally accepted that cardiac 
muscle fibers function as a syncytium such that each 
and every cell contracts at each beat. Thus, there are 
no cardiac muscles fibers available for recruitment. See 
for example, "Excitation Contraction Coupling and Car- 
diac Contractile Force", by Donald M. Bers, Chapter 2, 
page 17, Kluwer Academic, 1991, the disclosure of 
which is incorporated herein by reference. This citation 
also states that in cardiac muscle cells, contractile force 
is varied in large part by changes in peak calcium. 
[0020] "Effect of Field Stimulation on Cellular Repo- 
larization in Rabbit Myocardium", by Stephen B. Knisley, 
William M. Smith and Raymond E. Ideker, Circulation 
Research, Vol. 70, No. 4, pp. 707-715, April 1992, the 
disclosure of which is incorporated herein by reference, 
describes the effect of an electrical field on rabbit myo- 
cardium. In particular, this article describes prolongation 
of an action potential as a result of a defibrillation shock 
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and ways by which this effect can cause defibrillation to 
fail. One hypothesis is that defibrillation affects cardiac 
cells by exciting certain cells which are relatively less 
refractory than others and causes the excited cells to 
5 generate a new action potential, effectively increasing 
the depolarization time. 

[0021] "Optical Recording in the Rabbit Heart Show 
That Defibrillation Strength Shocks Prolong the Dura- 
tion of Depolarization and the Refractory Period", by 
10 Stephen M, Dillon, Circulation Research, Vol. 69, No. 3, 
pp. 842-856, September, 1991, the disclosure of which 
is incorporated herein by reference, explains the effect 
of prolonged repolarization as caused by the generation 
of a new action potential in what was thought to be re- 
ts fractory tissue as a result of the defibrillation shock. This 
article also proves experimentally that such an electric 
shock does not damage the cardiac muscle tissue and 
that the effect of a second action potential is not due to 
recruitment of previously unactivated muscle fibers. It is 
20 hypothesized in this article that the shocks hyperpolar- 
ize portions of the cellular membrane and thus reacti- 
vate the sodium channels. In the experiments described 
in this article, the activity of calcium channels is blocked 
by the application of methoxy-verapamil. 
25_ [0022] "Electrical Resistances of Interstitial and Mi- 
crovascular Space as Determinants of the Extracellular 
Electrical field and Velocity of Propagation In Ventricular 
Myocardium", by Johannes Fleischhauer, Lilly Lehmann 
and Andre G. Kleber, Circulation, Vol. 92, No. 3, pp. 
30 587-594, August 1 , 1 995, the disclosure of which is in- 
corporated herein by reference, describes electrical 
conduction characteristics of cardiac muscle. 
[0023] "Inhomogeneity of Cellular Activation Time 
and Vmax in Normal Myocardial Tissue Under Electrical 
35 Field Stimulation", by Akihiko Taniguchi, Junji Toyama, 
Itsuo Kodama, Takafumi Anno, Masaki Shirakawa and 
Shiro Usui, American Journal of Physiology, Vol 267 
(Heart Circulation Physiology, Vol. 36), pp. H694-H705, 
1994, the disclosure of which is incorporated herein by 
40 reference, describes various interactions between elec- 
tro-tonic currents and action potential upstrokes, 
[0024] "Effect of Light on Calcium Transport in Bull 
Sperm Cells", by R. Lubart, H. Friedmann, T. Levinshal, 
R. Lavie and H. Breitbart, Journal of Photochemical 
45 PhotobiologyB , Vol, 14, No. 4, pp, 337-341 , September 
12, 1992, the disclosure of which is incorporated herein 
by reference, describes an effect of light on bull sperm 
cells, in which laser light increases the calcium transport 
in these ceils. It is also known that low level laser light 
50 affects calcium transport in other types of cells, for ex- 
ample as described in U.S. Patent 5,464,436, the dis- 
closure of which is incorporated herein by reference. 
[0025] The ability of electro-magnetic radiation to af- 
fect calcium transport in cardiac myocytes is well docu- 
55 mented. Loginov VA, "Accumulation of Calcium Ions in 
Myocardial Sarcoplasmic Reticulum of Restrained Rats 
Exposed to the Pulsed Electromagnetic Field", in Avia- 
kosm Ekolog Med, Vol. 26, No. 2, pp. 49-51, March- 
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April, 1992, the disclosure of which is incorporated here- 
in by reference, describes an experiment in which rats 
were exposed to a 1 Hz field of between 6 and 24 mTes- 
Ja. After one month, a reduction of 33 percent in the ve- 
locity of calcium accumulation was observed. After a 5 
second month, the accumulation velocity was back to 
normal, probably due to an adaptation mechanism, 
[0026] Schwartz JL, House DE and Mealing GA, in 
"Exposure of Frog Hearts to CW or Amplitude-Modulat- 
ed VHP Fields: Selective Efflux of Calcium Ions at 16 10 
Hz", Bioelectromagnetics, Vol. 11, No. 4, pp. 349-358, 

1990, the disclosure of which is incorporated herein by 
reference, describes an experiment in which the efflux 
of calcium ions in isolated frog hearts was increased by 
between 18 and 21 % by the application of a 16 Hz mod- T5 
ulated VHF electromagnetic field. 

[0027] Lindstrom E, Lindstrom P, Berglund A, Lund- 
gren E and Mild KH, in "Intracellular Calcium Oscilla- 
tions in a T-cel! Line After Exposure to Extremely-Low- 
Frequency Magnetic Fields with Variable Frequencies 20 
and Flux Densities", Bioelectromagnetics , Vol. 16, No. 
1, pp. 41-47, 1995, the disclosure of which is incorpo- 
rated herein by reference, describes an experiment in 
which magnetic fields, at frequency between 5 and 100 
Hz (Peak at 50 Hz) and with intensities of between 0.04 25 
and 0.15 mTesfa affected calcium ion transport in T- 
cells. 

[0028] Loginov VA, Gorbatenkova NV and Klimovlt- 
skii Via, in "Effects of an Impulse Electromagnetic Field 
on Calcium Ion Accumulation in the Sarcopiasmatic Re- 30 
ticulum of the Rat Myocardium", Kosm Biol Aviakosm 
Med, Vol. 25, No. 5, pp. 51-53, September-October, 

1991, the disclosure of which is incorporated herein by 
reference, describes an experiment tn which a 100 
minute exposure to a 1 msec impulse, 1 0 Hz frequency 35 
and 1-10 mTesIa field produced a 70% inhibition of cal- 
cium transfer across the sarcoplasmic reticulum. The ef- 
fect is hypothesized to be associated with direct inhibi- 
tion of Ca-ATPase. 

[0029] It should be noted that some researchers claim 40 
that low frequency magnetic fields do NOT have the 
above reported effects. For example, Coufton LA and 
Barker AT, in "Magnetic Fields and Intracellular Calcium: 
Effects on Lymphocytes Exposed to Conditions for 'Cy- 
clotron Resonance"', Fhys Med Biol, Vol. 38, No. 3, pp. 45 
347-360, March, 1993, the disclosure of which is incor- 
porated herejn by references, exposed lymphocytes to 
radiation at 16 and 50 Hz, for a duration of 60 minutes 
and failed to detect any changes in calcium concentra- 
tion, 50 
[0030] Pumir A, Plaza F and Krinsky VI, in "Control of 
Rotating Waves in Cardiac Muscle: Analysis of the Ef- 
fect of Electric Fields", Proc R Soc Lond B Biol Sci, Vol. 
257, No. 1349, pp. 129-34, August 22, 1994, the disclo- 
sure of which is incorporated herein by reference, de- 55 
scribes that an application of an external electric field to 
cardiac muscle affects conduction velocity by a few per- 
cent. This effect is due to the hyperpolarization of one 



end of muscle cells and a depolarization of the other end 
of the cell. In particular, an externally applied electric 
field favors propagation antiparallel to it. It is suggested 
in the article to use this effect on conduction velocity to 
treat arrhythmias by urging rotating waves, which are 
the precursors to arrhythmias, to drift sideways to non- 
excitable tissue and die. 

[0031] "Control of Muscle Contractile Force Through 
Indirect High-Frequency Stimulation", by M. Sblo- 
monow, E. Eld red, J. Lyman and J. Foster, American 
Journal of Physical Medicine, Vol. 62, No. 2, pp. 71-82, 
April 1983, the disclosure of which is incorporated here- 
in by reference, describes a method of controlling skel- 
etal muscle contraction by varying various parameters 
of a 500 Hz pulse of electrical stimulation to the muscle. 
[0032] "Biomedical Engineering Handbook", ed. 
Joseph D. Bronzino, chapter 82,4, page 1288, IEEE 
press/ CRC press, 1995, describes the use of precisely 
timed subthreshold stimuli, simultaneous stimulation at 
multiple sites and pacing with elevated energies at the 
site of a tachycardia foci, to prevent tachycardia. How- 
ever, none of these methods had proven practical at the 
time the book was written. In addition a biphasfcdefibril- 
lation scheme is described and it is theorized that bipha- 
sic defibrillation schemes are more effective by virtue of 
a larger voltage change when the phase changes or by 
the biphasic waveform causing hyperpolarization of tis- 
sue and reactivation of sodium channels. 
[0033] "Subthreshold Conditioning Stimuli Prolong 
Human Ventricular Refractoriness", Windle JR, Miles 
WM, Zipes DP and Prystowsky EN, American Journal 
of Cardiology, Vol. 57, No. 6, pp. 381-386, February, 
1986, the disclosure of which is incorporated herein by 
reference, describes a study in which subthreshold stim- 
uli were applied before a premature stimulus and effec- 
tively blocked the premature stimulus from having a pro- 
arrhythmic effect by a mechanism of increasing the re- 
fractory period of right ventricular heart tissue. 
[0034] "Ultrarapid Subthreshold Stimulation for Ter- 
mination of Atrioventricular Node Reentrant Tachycar- 
dia", FromerM and Shenasa M, Journal of the American 
Collage of Cardiology, Vol. 20, No. 4, pp. 879-883, Oc- 
tober, 1992, the disclosure of which is incorporated 
herein by reference, describes a study in which trains of 
subthreshold stimuli were applied asynchronously to an 
area near a reentry circuit and thereby terminated the 
arrhythmia. Subthreshold stimuli were described as 
having both an inhibitory and a facilitating effect on con- 
duction. In addition, subthreshold stimuli are described 
as reducing the threshold of excitability, possibly even 
causing an action potential. 

[0035] "Inhibition of Premature Ventricular Extrastim- 
uli by Subthreshold Conditioning Stimuli", Skale B, Ka- 
liok MJ, Prystowsky EN, Gill RM and Zipes DP, Journal 
of the American Collage of Cardiology, Vol. 6, No. 1, pp. 
133-140, July, 1985, the disclosure of which is incorpo- 
rated herein by reference, describes an animal study in 
which a train of I msec duration pulses were applied to 



5 



9 



EP 0 910 429 B1 



10 



a ventricle 2 msec before a premature stimuli, inhibited 
the response to the premature stimuli, with a high fre- 
quency train delaying the response for a much longer 
amount of time (152 msec) than a single pulse (20 
msec). The delay between the pacing of the ventricle 
and the pulse train was 75 msec. However, the sub- 
threshold stimuli only had this effect when delivered to 
the same site as the premature stimulus. It is suggested 
to use a subthreshold stimuli in to prevent or terminate 
tachycardias, however, it is noted that this suggestion is 
restrained by the spatial limitation of the technique. 
[0036] "The Phase of Supernormaf Excitation in Re- 
lation to the Strength of Subthreshold Stimuli", Yokoya- 
ma M, Japanese Heart Journal, Vol. 17, No. 3, pp. 
35-325, May, 1976, the disclosure of which is incorpo- 
rated herein by reference, describes the effect of varying 
the amplitude of a subthreshold stimuli on supernormal 
excitation. When the amplitude of the stimuli was in- 
creased, the supernormal excitation phase increased in 
length. 

SUMMARY OF THE INVENTION 

[0037] The invention is as defined in the appended 

claims 

[0038J it is an object of some aspects of the present 
invention to provide a method of locally controlling the 
efectricai and/or mechanical activity of cardiac muscle 
cells, in situ. Preferably continuous control is applied. 
Alternatively, discrete control is applied. Further prefer- 
ably, the control may be varied between cardiac cycles. 
One example of electrical control is shortening the re- 
fractory period of a muscle fiber by applying a negative 
voftage to the outside of the celL The cell may also be 
totally blocked from reacting by maintaining a sufficient- 
ly positive voltage to the outside of the cell, so that an 
activation signal fails to sufficiently depolarize the cellu- 
lar membrane. One example of mechanical control in- 
cludes increasing or decreasing the strength of contrac- 
tion and the duration of the contraction. This may be 
achieved by extending or shortening the plateau and/or 
the action potential duration by appfying non-excitatory 
voltage potentials across the celL The increase in 
strength of contraction may include an increase in peak 
force of contraction attained by muscle fibers, may be 
an increase in an average force of contraction, by syn- 
chronization of contraction of individual fibers or may in- 
clude changing the timing of the peak strength. 
[0039] It should be appreciated that some aspects of 
the present invention are different from both pacemaker 
operation and defibrillator operation. A pacemaker ex- 
erts ej^citatory electric fields for many cycles, while a de- 
fibrillator does not repeat its applied electric field for 
many cycles, due to the disruptive effect of the defibril- 
lation current on cardiac contraction. In fact, the main 
effect of the defibrillation current is to reseithe synchro- 
nization of the heart by forcing a significant percentage 
of the cardiac tissue into a refractory state. Also, defi- 



brillation currents are several orders of magnitude 
stronger than pacing currents. It is a particular aspect of 
some embodiments of the present invention that the 
regufar activation of the heart is not disrupted, rather, 
5 the activation of the heart is controlled, over a substan- 
tial number of cycles, by varying parameters of the re- 
activity of segments of cardiac muscle cells. 
[0040] In some aspects of the invention, where the 
heart is artificially paced in addition to being controlled 

10 in accordance with the present invention, the activation 
cycle of the heart is normal with respect to the pacing. 
For example, when the control is applied locally, such 
that the activation of the rest of the heart is not affected. 
[0041] In some aspect of the invention, the control is 

15 initiated as a response to an unusual cardiac event, 
such as the onset of fibrillation or the onset of various 
types of arrhythmias. However, in other aspects of the 
present invention, the control is initiated in response to 
a desired increase in cardiac output or other long-term 

20 effects, such as reducing the probability of ventricular 
fibrillation (VF) or increasing the coronary blood flow. 
[0042] Another difference between defibrillation, pac- 
ing and some embodiments of the present invention is 
that defibrilfation and pacing are applied as techniques 

26 to affect the entire heart (or at least an entire chamber), 
while certain embodiments of the present invention, for 
example, fences (described below), are applied to local 
portion of the heart (which may be as large as an entire 
chamber) with the aim of affecting only local activity. Yet 

30 another difference between some embodiment of the 
present invention and defibrillation is in the energy ap- 
plied to the heart muscle. In defibrillation, a typical elec- 
tric field strength is 0.5 Joule (which is believed to be 
strong enough to excite refractory tissue, "Optical Re- 

35 oordings..." cited above), while in various embodiment 
of the invention, the applied field strength is between 50 
and 500 micro joules, a field strength which is believed 
to not cause action potentials in refractory tissue. 
[0043] It is a further object of some aspects of the 

40 present invention to provide a complete control system 
for the heart which includes, inter afia, controlling the 
pacing rate, refractory period, conduction velocity and 
mechanicai force of the heart. Except for heart rate, 
each of these parameters may be locally controlled, i. 

45 e., each parameter will be controlled in only a segment 
of cardiac muscle. It should be noted that heart rate may 
also be locally controlled, especially with the use offenc- 
es which isolate various heart segments from one an- 
other, however, in most cases this is detrimental to the 

$o heart's pumping efficiency, 

[0044] In one preferred embodiment of the present in- 
vention, electrical and/or mechanical activity of a seg- 
ment of cardiac muscle is controlled by applying a non- 
exciting field (voltage) or current across the segment. A 

55 non-exciting signal may cause an existing action poten- 
tial to change, but it will not cause a propagating action 
potential, such as those induced by pacemakers. The 
changes in the action potential may include extension 
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of the plateau duration, extension of the refractory peri- 
od, shortening of the post-plateau repolariation and oth- 
er changes in the morphology of the action potential. 
However, the non-exciting signal may affect a later ac- 
tion potential, for example, it may delay such a potential 
or may accelerate its onset. Another type of non-exciting 
signaJ is a voltage which does not cause a new contrac- 
tion of the cardiac muscle cell to which the non-exciting 
signal is applied. Activation potential generation may be 
averted either by applying voltage of the wrong polarity; 
the voltage being applied when the cell and/or the sur- 
rounding cells are not sensitive to it or by the amplitude 
of the voltage being too small to depolarize the cell to 
the extent that a new action potential will be generated 
during that period. 

[0045] Optionally, this control is exerted in combina- 
tion with a pacemaker which applies an exciting signal 
to the heart. In a preferred embodiment of the invention, 
a pacemaker {or a defibrillator) incorporates a controller, 
operating in accordance with at least one embodiment 
of the invention. A pacemaker and a controller may 
share a battery, a micro-controller, sensors and possibly 
electrodes. 

[0046] In another preferred embodiment of the 
present invention, arrhythmias and fibrillation are treat- 
ed using fences. Fences are segments of cardiac mus- 
cle which are temporarily inactivated using electrical 
fields. In one example, atrial fibrillation is treated by 
channeling the activation signal from an SA node to an 
AV node by fencing it in. In another example, fibrillations 
are damped by fencing in the multitude of incorrect ac- 
tivation signals, so that only one path of activation is con- 
ducting. In still another example, ventricular tachycardia 
or fibrillation is treated by dividing the heart into insulat- 
ed segments, using electrical fields and deactivating the 
fences in sequence with a normal activation sequence 
of the heart, so that at most only one segment of the 
heart will be prematurely activated. 
[0047] In stiJI another preferred embodiment of the In- 
vention, the muscle mass of the heart is redistributed 
using electrical fields. In general, changing the workload 
on a segment of cardiac muscle activates adaptation 
mechanisms which tend to change the muscle mass of 
the segment with time. Changing the workload may be 
achieved, in accordance with a preferred embodiment 
of the invention, by increasing or decreasing the action 
potential plateau duration of the segment, using applied 
electrical fields. Alternatively or additionally, the work- 
load may be changed indirectly, in accordance with a 
preferred embodiment of the invention, by changing the 
activation time of the segment of the heart and/or its ac- 
tivation sequence. Further additionally of alternatively, 
the workload may be changed by directly controlling the 
contractility of a segment of the heart. 
[0048] in yet another preferred embodiment of the in- 
vention, the operation of the cardiac pump is optimized 
by changing the activation sequence of the heart and/ 
or by changing plateau duration at segments of the heart 



and/or by changing the contractility thereat, 
J0049] In still another preferred embodiment of the in- 
vention, the cardiac output is modified, preferably in- 
creased, by applying a non-excitatory electric field to a 
5 segment of the heart, preferably the left ventricle. Pref- 
erably, the extent of increase in cardiac output, espe- 
cially the left ventricular output, is controlled by varying 
the size of the segment of the heart to which such a field 
is applied. Alternatively or additionally, the strength of 
10 the electric field is changed. Alternatively or additionally, 
the timing of the pulse is changed. Alternatively or ad- 
ditionally, the duration, shape or frequency of the pulse 
is changed. The increase in output may include an in- 
crease in peak flow rate, in flow volume, in average flow 
is rate, or it may include a change in the flow profile, such 
as a shift in the development of the peak flow, which 
improves overall availability of blood to body organs. 
[0050] In still another preferred embodiment of the in- 
vention, the developed ventricular pressure is modified, 
20 preferably increased, by applying a non-excitatory elec- 
tric field to a segment of the heart, preferably the left 
ventricle. Preferably, the extent of increase in cardiac 
output is controlled by varying the size of the segment 
of the heart to which such a field is applied. Alternatively 
25 or additionally, the strength of the electric field is 
changed. Alternatively or additionally, the timing of the 
pulse is changed. Alternatively or additionally, the dura- 
tion of the pulse is changed. Alternatively or additionally, 
the waveform of the pulse is changed. Alternatively or 
30 additionally, the frequency of the pulse is changed. The 
increase in pressure may include an increase in peak 
pressure, average pressure or it may include a change 
in the pressure profile, such as a shift in the develop- 
ment of the peak pressure, which improves the contrac- 
ts tility 

[0051] In accordance with yet another preferred em- 
bodiment of the invention, the afterload of the heart is 
increased by applying non-excitatory electric fields to at 
least a segment of the heart, whereby the flow in the 

^0 coronary arteries is improved. 

[0052] In accordance with another preferred embodi- 
ment of the invention various cardiac parameters are 
controlled via inherent cardiac feedback mechanisms. 
In one example, the heart rate is controlled by applying 

45 a non-exciting voltage to pacemaker cells of the heart, 
at or near the SA node of the heart. Preferably, the heart 
rate is increased by applying the non-excitatory field. 
[0053] In a preferred embodiment of the invention, a 
single field is applied to a large segment of the heart. 

so Preferably, the field is applied at a time delay after the 
beginning of the systole. Preferably, the non-exciting 
field is stopped before half of the systole is over, to re- 
duce the chances of fibrillation. 

[0054] In another preferred embodiment of the inven- 
55 tion, a plurality of segments of the heart are controlled, 
each with a different non-excitatory electric field. Pref- 
erably, each electric field is synchronized to the local ac- 
tivation or other local parameters, such as initiation of 
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contraction. A further preferred embodiment of the in- 
vention takes into account the structure of the heart- The 
heart muscle is usually disposed in layers, with each lay- 
er having a (different) muscle fiber orientation, In this 
embodiment of the invention, a different field orientation 
and/or polarity is preferably applied for different orien- 
tations of muscle fibers. 

[0055] In one preferred embodiment of the invention, 
this technique, which takes the muscle fiber orientation 
into account, may be applied to local defibrillation-caus- 
ing electric fields, the purpose of which fields may be to 
delay the repolarization of a certain, limited segment of 
the heart, thereby creating a fence, 
[0056] There is therefore provided in accordance with 
a preferred embodiment of the invention, a method of 
modifying the force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, which causes the force of contraction to be 
increased by at least 5%. 



[0057] Preferably, the force is increased by a greater 
percentage such as at jeast 10%, 30% or 50% 
[0058] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, to the portion at a delay of less than 70 
msec after the activation. 

[0059] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying the force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, which causes the pressure in the chamber 
to be increased by at least 2%. 

[0060] Preferably the pressure is increased by a 
greater amount such as at least 10% or 20%. 
[0061] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying the force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 



least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, wherein the chamber has a flow volume 
s and wherein the flow volume is increased by at least 

5%. 

[0062] Preferably, the flow volume is increased by a 
greater amount such as at least 10% or 20%, 
10 [0063] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying the force of contraction of at least a portion of 
a heart chamber, comprising: 

15 providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, wherein the chamber has a flow rate such 

20 that the flow rate is increased by at least 5%. 

[0064] Preferably, the flow rate is increased by a 

greater amount such as at least 10% or 20%. 

[0065] There is further provided, in accordance with 

25 a preferred embodiment of the invention a method of 

modifying the force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
30 least a portion having an activation; and 

applying a non-excitatory electric field to the portion 
at a delay after the activation, the field having a giv- 
en duration of at least 101 msec and not lasting 
longer than the cycle length. 

35 

Preferably the duration is longer, such as at least 120 
msec or 150 msec, 

[0066] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
40 modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
45 applying a non-excitatory electric field having a giv- 

en duration, at a delay after the activation, to the 
portion, 

wherein the portion of the chamber has an inner 
50 surface and an outer surface and wherein the field is 
applied between the inner surface and the outer surface. 
[0067] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
55 a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
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applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, 

wherein the portion of the chamber has an inner 
surface and an outer surface and wherein the field is 
applied along the outer surface. 

[0068] There is further provided, in accordance with 
a preferred embodiment of the Invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, 

wherein the portion of the chamber has an inside 
surface, an outside surface and an intra-muscle portion 
and wherein the field is applied between the intra-mus- 
cle portion and at least one of the surfaces. 
[0069] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, 

wherein the field is applied between a single elec- 
trode and a casing of an implanted device. 
[0070] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 



providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, using an electrode floating inside the heart. 

[0071] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion, having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, 

wherein the field is applied using at least two elec- 



trodes and wherein the at least two electrodes are at 
least 2 cm apart. 

[0072] In preferred embodiments of the invention the 
electrodes are at least 4 or 9 cm apart. 
5 [0073] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 
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providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, 



wherein the field is applied using at least two elec- 
trodes and wherein one electrode of the at least two 
electrodes is at a base of a chamber of the heart and 
one electrode is at an apex of a chamber of the heart. 
20 [0074] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

25 providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, 



wherein the field is applied using at least three 
electrodes and wherein applying a non-excitatory field 
comprises: 

electrifying a first pair of the at least three elec- 
trodes; and 

subsequently electrifying a second pair of the at 
least three electrodes. 

[0075] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 



45 providing a subject having a heart, comprising at 
least a portion having an activation; and 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, wherein the field is applied using at least 

50 two electrodes placed externally to the subject. 

[0076] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
55 a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
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applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion, 

wherein the electric field at least partiafly cancels 5 
electro-tonic currents In at least the portion of the heart 
chamber. 

[0077] There is farther provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of to 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; 
applying a non-excitatory electric field having a giv- f 5 
en duration, at a delay after the activation, to the 
portion between two positions; and 
sensing an activation at a site between the two po- 
sitions. 

20 

[0078] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 



providing a subject having a heart, comprising at 
least a portion having an activation; 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion between two positions; and 30 
sensing an activation at a site coinciding with one 
of the two positions. 

[0079] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 35 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 



[0080] Preferably sensing comprises sensing a value 
of a parameter of an ECG and wherein estimating com- 
prises estimating the delay based on a delay value as- 
sociated with the value of the parameter. 
[0081] Preferably, the site is at a different chamber of 
the heart than the chamber at which the field is applied. 
[0082] Preferably, the site is substantially the earliest 
activated site in the chamber of the portion. 
[0083] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 



a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion; and 

applying a second non-excitatory electric field to a 
second portion of the chamber. 

[0084] There is further provided, in accordance with 
a preferred embodiment of the invention a method ac- 
cording to claim 36 r wherein the second field is applied 
in the same cardiac cycle as the non-excitatory field. 
[0085] Preferably, each portion has an individual ac- 
tivation to which the applications of the field thereat are 
synchronized. 

[0086] Preferably, the second field has a different ef- 
fect on the heart than the non-excitatory field. 
[0087] Preferably, only the second non-excitatory 
field is applied during a different cardiac cycle. 
[0088] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a hea rt cham ber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; 
estimating the activation at the portion; and 
applying a non-excitatory electric field having a giv- 
en duration, at a deiay after the estimated activa- 
tion, to the portion. 

[0089] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion; and 

repeating application of the non-excitatory field, 
during a plurality of later heart beats, at least some 
of which are not consecutive. 

[0090] Preferably, the method comprises gradually 
reducing the frequency at which beats are skipped dur- 
ing the repeated application, 

[0091] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 

least a portion having an activation; 

applying a non-excitatory electric field having a giv- 



providtng a subject having a heart, comprising at 
least a portion having an activation; 40 
applying a non-excitatory electric field having a giv- 
en duration, at a delay after the activation, to the 
portion between two positions; 
sensing an activation at a site; and 
estimating the activation of the portion from the 45 
sensed activation. 
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en duration, at a delay after the activation, to the 
portion, wherein the portion has an extent; and 
changing the extent of the portion to which the field 
is applied, between beats. 

[0092] There is further provided, m accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; 
irradiating the portion with light synched to the ac- 
tivation; and 

repeating irradiating at at least 100 cardiac cycles, 
during a period of less than 1000 cardiac cycles. 

[0093] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; 
- irradiating the portion with radio frequency radiation 
synched to the activation; and 
repeating irradiating at at least 100 cardiac cycles, 
during a period of less than 1000 cardiac cycles. 

[0094] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
modifying the availability of calcium ions inside 
muscle fibers of the portion, during a period of time 
including a time less than 70 msec after the activa- 
tion, in response to the activation. 

[0095] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 

providing a subject having a heart, comprising at 
least a portion having an activation; and 
modifying the transport rate of calcium ions inside 
muscle fibers of the portion, during a period of time 
less than 70 msec after the activation, in response 
to the activation. 

[0096] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying a force of contraction of at least a portion of 
a heart chamber, comprising: 



providing a subject having a heart, comprising at 
least a portion having an activation; and 
modifying the availability of catecholamines at the 
portion in synchrony with the activation. 

5 

[0097] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying the activation profile of at least a portion of a 
heart, comprising, 
to mapping the activation profile of the portion; 

determining a desired change in the activation 
profile; and 

modifying, using a non-excitatory electric field, the 
conduction velocity in a non-arrhythmic segment of the 

15 portion, to achieve the desired change. 

[0098] In a preferred embodiment of the invention, 
wherein the desired change is an AV interval and where- 
in modifying comprises modifying the conduction veloc- 
ities of purkinje fibers between an AV node and at least 

20 one of the ventricles in the heart. 

[0099] In a preferred embodiment of the invention, the 
activation comprises an average activation of the por- 
tion. 

[01 00] In a preferred embodiment of the invention, the 
25- activation comprises an earliest activation. 

[0101] In a preferred embodiment of the invention, the 
activation comprises a mechanical activation. 
[0102] In a preferred embodiment of the invention, 
wherein the activation comprises an electrical activa- 
te tlon. 

[0103] In a preferred embodiment of the invention, 
wherein the portion comprises a plurality of subportions, 
each having an individual activation and wherein apply- 
ing a field comprises applying a field to each subportion 
35 at a delay relative to the individual activation of the sub- 
portion. 

[0104] In a preferred embodiment of the invention, ap- 
plying a non-excitatory electric field comprises driving 
an electric current through the segment Preferably, the 

40 current is less than 20 mA, In some embodiments of the 
invention the current is less than 8 mA, 5 mA, 3 mA. 
Preferably, the current is at least 0.5 mA. In some em- 
bodiments it is at least 1 or 3 mA 
[01 05] In a preferred embodiment of the invention, the 
field is applied for a duration of between 10 and 140 
msec. In other preferred embodiments it is applied for 
between 20 and 100 msec, or 60 and 90 msec. 
[0106] In a preferred embodiment of the invention, the 
delay is less than 70 msec. In other preferred embodi- 

50 ments it is less than 40, 20, 5 or 1 msec. In some em- 
bodiments the delay is substantially equal to zero. 
[0107] In a preferred embodiment of the invention, the 
delay is at least 1 msec. In other preferred embodiments 
it may be more than 3, 7, 15 or 30 msec. 

55 [0108] In a preferred embodiment of the invention, the 
electric field has an exponential temporal envelope. In 
others it has a square, triangular, ramped or biphasic 
temporal envelope. Preferably the electric field compris- 
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es an AC electric field, preferably having a sinusoidal, 
saw tooth or square wave temporal envelope. 
[0109] In a preferred embodiment of the invention, 
wherein the portion of the chamber has an inside sur- 
face and an outside surface, wherein the field is applied 
along the inner surface. 

[0110] In a preferred embodiment of the invention, 
wherein the portion of the chamber has a normal con- 
duction direction, wherein the field is applied along the 
normal conduction direction. 

[0111] In a preferred embodiment of the invention, 
wherein the portion of the chamber has a normal con- 
duction direction, wherein the field is applied perpendic- 
ular to the normal conduction direction. 
[01 1 2] In a preferred embodiment of the invention, the 
field is applied between at least two electrodes. Prefer- 
ably, the electrodes are at least 2 cm apart. In some pre- 
ferred embodiments the electrodes are at least 4 or 9 
cm apart. 

[01 13] The chamber may be any of the left ventricle, 
the left atrium, the right ventricle or the right atrium. 
[0114] A preferred embodiment of the invention in- 
cludes pacing the heart. Preferably, applying the electric 
field is synchronized with the pacing. 
[0115] In a preferred embodiment of the invention, the 
method includes calculating the delay based on the pac- 
ing. 

[0116] In a preferred embodiment of the invention, the 
method includes sensing a specific activation at a site. 
[0117] There is further provided, in accordance with 
a preferred embodiment of the invention, a method of 
modifying the activation profile of at least a portion of a 
heart, comprising, 

mapping the activation profile of the portion; 

determining a desired change in the activation 
profile; and 

blocking the activation of at least a segment of the 
portion, to achieve the desired change, wherein the seg- 
ment is not part of a reentry circuit or an arrhythmia foci 
in the heart. 

[0118] In a preferred embodiment of the invention, the 
blocked segment is an ischemic segment 
[0119] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying the activation profile of at least a portion of a 
heart, comprising, 

mapping the activation profile of the portion; 

determining a desired change in the activation 
profile; and 

changing the refractory period of at least a seg- 
ment of the portion, to achieve the desired change, 
wherein the segment is not part of a reentry circuit or an 
arrhythmia foci in the heart. 

[0120] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
modifying the heart rate of a heart, comprising: 

providing a subject having a heart with an active 



natural pacemaker region; and 

applying a non-excitatory electric field to the region. 

[0121] Preferably, the electric field extends a duration 
5 of an action potential of the region. 

[0122] Preferably the method comprises extending 
the refractory period of a significant portion of the right 
atrium. 

[0123] There is further provided, in accordance with 
10 a preferred embodiment of the invention a method of 
reducing an output of a chamber of a heart, comprising; 

determining the earliest activation of at least a por- 
tion of the chamber, which portion is not part of an 
abnormal conduction pathway in the heart; and 
applying a non-excitatory electric field to the por- 
tion. 

[0124] Preferably, the field is applied prior to activa- 
tion of the portion. 

[0125] Preferably, thefjeld reduces the reactivity ofthe 
portion to an activation signal. 

10126] Preferably, the field reduces the sensitivity of 
the portion to an activation signal. 
[0127] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
reducing an output of a chamber of a heart, comprising: 

determining an activation of and conduction path- 
30 ways to at least a portion of the chamber; and 

reversibly blocking the conduction pathways, using 
a localfy applied non-excitatory electric field. 

[0128] There is further provided, in accordance with 
35 a preferred embodiment of the invention a method of 
reducing an output of a chamber of a heart, comprising: 

determining an activation of and a conduction path- 
way to at feast a portion of the chamber, which por- 
40 tion is not part of an abnormal conduction pathway 
in the heart; and 

reversibly reducing the conduction velocity in the 
conduction pathway, using a locally applied electric 
field. 

45 

[0129] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
performing cardiac surgery, comprising: 

50 blocking the electrical activity to at least a portion of 
the heart using a non-excitatory electric field; and 
performing a surgical procedure on the portion. 

[0130] There is further provided, in accordance with 
55 a preferred embodiment of the invention a method of 
performing cardiac surgery, comprising: 

reducing the sensitivity to an activation signal of at 
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least a portion of the heart using a non-excitatory 
electric field; and 

performing a surgical procedure on the portion. 

[0131] There is further provided, in accordance with 
a preferred embodiment of the Invention a method of 
controlling the heart, comprising, 

providing a subject having a heart with a left ven- 
tricle and a right ventricle; 

selectively reversibly increasing the contractility of 
one of the ventricles relative to the other ventricle, 
[0132] Preferably, selectively reversibly increasing 
comprises applying a non-excitatory electric field to at 
least a portion of the one ventricle. 
[0133] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
controlling the heart, comprising, 

providing a subject having a heart with a left ven- 
tricle and a right ventricle; 

selectively reversibly reducing the contractility of 
one of the ventricles, relative to the other ventricle. 
[0134] Preferably, selectively reversibly reducing 
comprises applying a non-excitatory electric field to at 
least a portion of the one ventricle. 
[0135] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
treating a segment of a heart which is induces arrhyth- 
mias due to an abnormally low excitation threshold, 
comprising: 

identifying the segment; and 
applying a desensitizing electnc field to the seg- 
ment, such thatthe excitation threshold is increased 
to a normal range of values. 

[0136] There is further provided, in accordance with 
a preferred embodiment of the invention a melhod of 
modifying an activation profile of at least a portion of a 
heart, comprising: 

determining a desired change in the activation pro- 
file; and 

reversibly blocking the conduction of activation sig- 
nals across a plurality of elongated fence portions 
of the heart to achieve the desired change. 

[01371 Preferably, blocking the conduction creates a 
plurality of segments, isolated from external activation, 
in the portion of the heart. Preferably, at feast one of the 
isolated segments contains an arrhythmia foci. Prefer- 
ably, at least one of the isofated segments does not con- 
tain an arrhythmia foci. 

[0138] Preferably, the method includes individually 
pacing each of at least two of the plurality of isolated 
segments. 

[0139] Preferably, blocking the conduction limits an 
activation front from traveling aiong abnormal pathways. 
{0140] Preferably, reversibly blocking comprises re- 



versibly blocking conduction of activation signals, syn- 
chronized with a cardiac cycle, to block abnormal acti- 
vation signals. 

[0141] In a preferred embodiment of the invention re- 
5 versibly blocking comprises reversibly blocking conduc- 
tion of activation signals, synchronized with a cardiac 
cycle, to pass normal activation signals. 
[0142] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
10 treating abnormal activation of the heart, comprising: 

detecting an abnormal activation state; and 
modifying the activation of the heart fn accordance 
with the above described method to stop the abnor- 
15 mal activation condition. 

[0143] In a preferred embodiment of the invention the 
abnormal condition is fibrillation. 

[0144] There is further provided, in accordance with 
20 a preferred embodiment of the invention a method of 
controlling the heart comprising: 

determining a desired range of values for at least 
one parameter of cardiac activity; and 
25 controlling at least a local force of contraction in the 
heart to maintain the parameter within the desired 
range, 

[0145] Preferably, controlling incfudes controlling the 
50 heart rate. 

[0146] Preferably, controlling includes controlling a lo- 
cal conduction velocity. 

[01 47] Preferably, the parameter responds to the con- 
trol with a time constant of less than 10 minutes. Alter- 
35 natively it responds with a time constant of more than a 
day. 

[0148] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
controlling the heart, comprising: 

40 

determining a desired range of values for at least 
one parameter of cardiac activity; 
controlling at least a portion of the heart using a non- 
excitatory electric field having at least one charac- 
45 teristic, to maintain the parameter with in the desired 
range; and 

changing the at least one characteristic in response 
to a reduction in a reaction of the heart to the electric 
field. 

50 

[0149] Preferably, the characteristic is a strength of 
the electric field. Alternatively it comprises a duration of 
the electric field, a frequency of the field or a wave form 
of the field, 

55 [0150] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
treating a patient having a heart with an unhealed inf- 
arct, comprising, applying any of the above methods, 
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until the infarct is healed. 

[0151] There is further provided, tn accordance with 
a preferred embodiment of the invention a method of 
treating a patient having a heart, comprising, 

providing a patient, having an unhealed infarct in 
the heart; and 

applying one of the above methods until the heart 
is stabilized. 

[0152] In a preferred embodiment of the invention ap- 
plying a non-excitatory field comprises applying a non- 
excitatory field for between 3 and 5000 heart beats. 
[0153] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlfing a heart comprising: 

a plurality of electrodes adapted to appiy an electric 
field across at least a portion of the heart; and 
a power supply which electrifies the electrodes with 
a non-excitatory electric field, for a given duration 
at least 100 times during a period of less than 
50,000 cardiac cycles. 

[0154] Preferably, are electrified at Jeast 1000 times 
during a period of less than 50,000 cardiac cycles. They 
may aJso bo electrified at least 1000 times during a pe- 
riod of less than 20,000 cardiac cycies or at least 1000 
times during a period of less than 5,000 cardiac cycles. 
[0155] Preferably, the field is applied less than 10 
times in one second. 

[01 56] In a preferred embodiment of the invention, the 
power supply electrifies the electrodes at least 2000 
times over the period. In preferred embodiments the 
power supply electrifies the electrodes at least 4000 
times over the period. 

[0157] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric 
field across at least a portion of the heart; and 
a power supply which electrifies the electrodes with 
a non-excitatory electric field, for a given duration, 

wherein at least one of the electrodes is adapted 
to cover an area of the heart larger than 2 cm 2 . 
[0158] Preferably at least one of the electrodes is 
adapted to cover an area of the heart larger than 6 or 9 
cm 2 , 

[0159] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

at least one unipolar electrode adapted to apply an 
electric field to at least a portion of the heart; and 
a power supply which electrifies the electrodes with 
a non-excitatory electric field. 

[01 60] Preferably the apparatus comprises a housing, 



which is electrified as a second electrode. 
[0161] There Is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

5 

a plurality of electrodes adapted to apply an electnc 
field across at least a portion of the heart; and 
a power supply which electrifies the electrodes with 
a non-excitatory electric field, for a given duration, 

10 

wherein the distance between the electrodes is at 
least 2 cm. 

[01 62] In preferred embodiments of the invention the 
distance is at least 4 or 9 cm. 
15 [0163] There is further provided, tn accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

at least three electrodes adapted to apply an elec- 
20 trie field across at least a portion of the heart; and 
a power supply which electrifies the electrodes with 
a non-excitatory electric field, for a given duration, 

wherein the electrodes are selectively electrifiabfe 
25 in at least a first configuration where two electrodes are 
electrified and in a second configuration where two elec- 
trodes, not both identical with the first configuration elec- 
trodes, are electrified. 

[0164] There is further provided, in accordance with 
30 a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric 
field across at least a portion of the heart; 
35 a sensor which senses a local activation; and 

a power supply which electrifies the electrodes with 
a non-excitatory electric field, for a given duration, 
responsive to the sensed local activation. 

40 [0165] Preferably the sensor senses a mechanical ac- 
tivity of the portion. 

[01 66] Preferably, the sensor is adapted to sense the 

activation at at least one of the electrodes. 

[01 67] Preferably, the sensor is adapted to sense the 

45 activation in the right atrium. 

[01 68] Preferably, the sensor is adapted to sense the 
activation between the electrodes. 
[0169] Preferably, the sensor senses an earliest acti- 
vation in a chamber of the heart including the portion 

5o and wherein the power supply times the electrification 
responsive to the earliest activation. 
[0170] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

55 

electrodes adapted to apply an electric field across 
elongate segments of at least a portion of the heart; 
and 
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a power suppfy which electrifies the electrodes with 
a non-excitatory electric field, 

[0171] Preferably, the electrodes are elongate elec- 
trodes at feast one cm long. In other embodiments they 
are at least 2 or 4 cm long. Preferably the segments are 
less than 0.3 cm wide. In some embodiments they are 
less than 0.5, 1 or 2 cm wide. 

[0172] Preferably, the power supply electrifies the 
electrodes for a given duration of at least 20 msec, at 
least 1 000 times over a period of less than 5000 cardiac 
cycles. 

[0173] In preferred embodiments of the invention, the 
elongate segments divide the heart into at least two 
electrically isolated segments in the heart. 
[0174] There Is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric 

field across at least a portion of the heart; 

a power supply which electrifies the electrodes with 

a n on -excitatory electric field, for a given duration; 

and 

a circuit for determining an activation at a site in the 
portion, 

wherein the power supply electrifies the elec- 
trodes responsive to the determined activation. 
[01 75] Preferably, the electric field is applied at a giv- 
en delay, preferably less than 70 msec, after an activa- 
tion at one of the electrodes. 

[0176] In a preferred embodiment of the invention the 
electric field is applied before an activation at one of the 
electrodes. In various preferred embodiments of the in- 
vention the field is applied more than 30, 50 or 80 msec 
before the activation. 

[0177] Preferably, the circuit comprises an activation 
sensor which senses the activation. Alternatively or ad- 
ditionally the activation is calculated, preferably based 
on an activation in a chamber of the heart different from 
a chamber including the portion. 

[0178] Preferably the apparatus includes a memory 
which stores values used to calculate a delay time, as- 
sociated with a value of at least a parameter of a sensed 
ECG. Preferably the parameter is a heart rate. 
[0179] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric 
field across at least a portion of the heart; 
a power supply which electrifies the electrodes with 
a non-excitatory electric field, for a given duration; 
a sensor which measures a parameter of cardiac 
activity; and 

a controller which controls the electrification of the 
electrodes to maintain the parameter within a range 



of values. 

[0180] The apparatus preferably comprises a memo- 
ry which stores a map of electrical activity in the heart, 
5 wherein the controller uses the map to determine a de- 
sired electrification. 

[0181] The apparatus preferably comprises a memo- 
ry which stores a model of electrical activity in the heart, 
wherein the controller uses the model to determine a 
10 desired electrification, 

[0182] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

15 a plurality of electrodes adapted to apply an electric 
field across at least a portion of the heart; 
a power supply which electrifies the electrodes with 
a non-excitatory eleciric field, for a given duration; 
and 

a controller which measures a reaction of the heart 
to the electrification of the electrodes. 

10183] Preferably, the controller changes the electrifi- 
cation based on the measured reaction. Preferably, the 
apparatus includes a memory which stores the meas- 
ured reaction. 

[0184] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

a plurality of efectrodes adapted to apply an electric 
field across at least a portion of the heart; 
a power supply which electrifies the electrodes with 
a non-excitatory electric field, for a given duration; 
and 

a pacemaker which paces the heart. 

[0185] Preferably, the pacemaker and the remainder 
of the apparatus are contained in a common housing. 
[0186] Preferably, the pacemaker and the remainder 
of the apparatus utilize common excitation electrodes. 
Preferably, the pacemaker and the remainder of the ap- 
paratus utilize a common power supply 
[0187] Preferably, the non-excitatory field is synchro- 
nized to the pacemaker. 

[0188] Preferably, the electrodes are electrified using 
a single pulse which combines a pacing electric field and 
a non-excitatory electric field. 

[0189] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric 
field across at least a portion of the heart; and 
55 a power supply which electrifies the electrodes with 
a non-excitatory electric field, for a given duration, 

wherein at least one of the electrodes is mounted 
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on a catheter. 

[0190] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
controlling a heart comprising: 

a plurality of electrodes adapted to apply an electric 
field across at Jeast a portion of the heart; and 
a power supply which electrifies the electrodes with 
a non-excitatory electric field, for a given duration, 

wherein the electrodes are adapted to be applied 
externally to the body, 

[0191] Preferably the apparatus includes an external 
pacemaker. 

[0192J Preferably, the apparatus comprises an ECG 
sensor, to which electrification of the electrodes is syn- 
chronized. 

[0193] in a preferred embodiment of the invention the 
duration of the field is at least 20 msec. In other preferred 
embodiments the duration is at least 40, 80 or 120. 
[0194] In a preferred embodiment of the invention a 
current is forced through the portion, between the elec- 
trodes, 

[01 95] Preferably the apparatus includes at least an- 
other two electrodes, electrified by the power supply and 
adapted to apply a non-excitatory electric field across a 
second portion of the heart. Preferably, the apparatus 
comprises a controller which coordinates the electrifica- 
tion of all the electrodes in the apparatus. 
[0196} Preferably a peak current through the elec- 
trodes is less than 20 mA. In some preferred embodi- 
ments it is less than 10, 5 or 2 mA. 
[0197] In preferred embodiments of the invention the 
electrodes are adapted to be substantially in contact 
with the heart. 

[0198] Preferably the electric field has an exponential, 
triangular or square wave shape. The field may be uni- 
polar or bipolar. The field may have a constant strength. 
[0199] There is further provided, in accordance with 
a preferred embodiment of the invention apparatus for 
optical control of a heart, comprising: 

at least one implantable light source which gener- 
ates pulses of light, for at Jeast 1 000 cardiac cycles, 
over a period of less than 5000 cycles; and 
at least one wave guide for providing non-damaging 
intensities of light from the light source to at least 
one site on the heart. 

[0200] Preferably, the at least one light source com- 
prises a plurality of light sources, each attached to a dif- 
ferent site on the heart. 

[0201] Preferably, the wave guide is an optical fiber. 
[0202] Preferably, the light source comprises a mon- 
ochrome light source. 

[0203] In a preferred embodiment of the invention the 
apparatus comprises a sensor, which measures an ac- 
tivation of at least portion of the heart, wherein the light 



source provides pulsed light in synchrony with the 
measured activation. 

[0204] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
5 programming a programmable controller for a subject 
having a heart, comprising: 

determining pulse parameters suitable for control- 
ling the heart using non-excitatory electric fields; 
10 and 

programming the controller with the pulse parame- 
ters. 

[0205] Preferably, determining pulse parameters 
15 comprises determining a timing of the pulse relative to 
a cardiac activity. 

[0206] Preferably, the cardiac activity is a locaJ acti- 
vation. 

[0207] Preferably, determining a timing comprises de- 
20 termining timing which does not induce fibrillation in the 
heart. 

[0208] Preferably, determining a timing comprises de- 
termining a timing which does not induce an arrhythmia 
in the heart. 

25 [0209] Preferably, determining a timing comprises de- 
termining the timing based on a map of an activation 
profile of the heart. 

[0210] Preferably determining a timing comprises 
calculating a delay time relative to a sensed activation. 

30 [0211] Preferably, controlling the heart comprises 
modifying the contractility of the heart. 
[0212] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
determining an optimal placement of at ieast two indi- 

35 vidua! electrodes for controlling a heart using non-exci- 
tatory electric fields, comprising: 

determining an activation profile of at least a portion 
of the heart; and 
40 determining an optimal placement of the electrodes 
in the portion based on the activation profile. 

[0213] Preferably the method includes determining an 
optimal location for an activation sensor, relative to the 
45 placement of the electrodes. 

[0214] Preferably, controlling comprises modifying 
the contractility. 

[0215] Preferably, controlling comprises creating 
elongate non-conducting segments in the heart. 
50 [0216] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
determining a timing parameter for a non-excitatory, re- 
peatably applied pulse for a heart, comprising: 

55 applying a non-excitatory pulse using a first delay; 
determining if the pulse induces an abnormal acti- 
vation profile in the heart; and 
repeating applying a non-excitatory pulse using a 
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second delay, shorter than the first, if the pulse did 
not induce abnormal activation in the heart. 

[0217] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 5 
deferminfng a timing parameter for a non-excitatory, re- 
peatably applied pulse for a heart, comprising: 

applying a non-excitatory pulse using a first delay; 
determining if the pulse induces an abnormal acti- 1Q 
vation profile in the heart; and 
repeating applying a non-excitatory pulse using a 
second delay, fonger than the first, if the pulse did 
not induce abnormal activation in the heart. 

15 

[0218] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
programming a programmable controller for a heart, 
comprising: 

20 

controlling the heart using plurality of non-excitatory 
electric field sequences; 

determining a response of the heart to each of the 
sequences; and 

programming the controller responsive to the re- 25 
sponse of the heart to the non-excitatory sequenc- 



[0219] There is further provided, in accordance with 

a preferred embodiment of the invention a method of 30 

controlling an epileptic seizure, comprising: 

detecting an epileptic seizure in brain tissue; and 
applying a non-excitatory electric field to the brain 
tissue to attenuate conduction of a signal in the tis- 35 



[0220] There is further provided, in accordance with 
a preferred embodiment of the invention a method of 
controlling nervous signals in periphery nerves, com- 40 
prising, 

selecting a nerve; and 

applying a non-excitatory electric field to the nerve 
to attenuate conduction of nervous signals in the nerve. 
[0221] There is further provided, in accordance with 45 
a preferred embodiment of the invention a method of 
controlling a heart having a chamber comprising: 



applying a non-excitatory electric field to a first por- 
tion of a chamber, such that a force of contraction 
of the first portion is lessened; and 
applying a non-excitatory electric field to a second 
portion of a chamber, such that a force of contrac- 
tion of the second portion is increased. 

heart beat. Alternatively or additionally, the delay is at 
least 0.5 or 1 msec, optionally, 3 msec, optionally 7 msec 
and also optionally 30 msec. 
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[0222] There is further provided in accordance with a 
preferred embodiment of the invention, a method of con- 
trolling the heart including determining a desired range 
of values for at least one parameter of cardiac activity 
and controlling at least a local contractility and a iocal 
conduction vefocity in the heart to maintain the param- 
eter within the desired range. 

[0223] Preferably, the parameter responds to the con- 
trol with a time constant of less than 10 minutes, alter- 
natively, the parameter responds to the control with a 
time constant of between 10 minutes and 6 hours, alter- 
natively, with a time constant of between 6 hours and a 
day, alternatively, with a time constant between a day 
and a week, alternatively, a time constant of between a 
week and month, alternatively, a time constant of over 
a month. 

[0224] There is also provided in accordance with a 
preferred embodiment of the invention, a method of con- 
trolling the heart, including determining a desired range 
of values for at least one parameter of cardiac activity, 
controlling at least a portion of the heart using a non- 
excitatory electric field having at least one characteris- 
tic, to maintain the parameter within the desired range 
and changing the at least one characteristic in response 
to a reduction in a reaction of the heart to the electric 
field. Preferably, the characteristic is the strength of the 
electric field. Alternatively or additionally, the character- 
istic is one or more of the duration of the electric field, 
its timing, wave form, and frequency. 
[0225] f n another preferred embodiment of the inven- 
tion, the apparatus includes a sensor which measures 
a parameter of cardiac activity and a controller which 
controls the electrification of the electrodes to maintain 
the parameter within a range of values. Preferably, the 
apparatus includes a memory which stores a map of 
electrical activity in the heart, wherein the controller us- 
es the map to determine a desired electrification. Alter- 
natively or additionally, the apparatus includes a mem- 
ory which stores a mode! of electrical activity in the 
heart, wherein the controller uses the model to deter- 
mine a desired electrification. 

[0226] There is also provided in accordance with a 
preferred embodiment of the invention, a method of con- 
trolling an epileptic seizure, including detecting an epi- 
leptic seizure in brain tissue and applying a non-excita- 
tory electric field to the brain tissue to attenuate conduc- 
tion of a signal in the tissue. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0227] The present invention will be more clearly un- 
derstood from the detailed description of the preferred 
embodiments and from the attached drawings in whfch: 

Fig, 1A is a schematic graph of a typical cardiac 
muscle action potential; 

Fig. 1B is a schematic model of a cardiac muscle 
cell in an electrical field; 
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Fig, 2 is a schematic diagram of a heart having seg- 
ments controlled in accordance with embodiments 
of the present invention; 

Fig. 3 is a schematic diagram of a segment of right 
atrial tissue with a plurality of conduction pathways, 
illustrating the use of fences, in accordance with a 
preferred embodiment of the present invention; 
Fig. 4A is a schematic diagram of an electrical con- 
trailer connected to a segment of cardiac muscle, 
in accordance with a preferred embodiment of the 
invention; 

Fig. 4B is a schematic diagram of an electrical con- 
troller connected to a segment of cardiac muscle, 
in accordance with a preferred embodiment of the 
invention; 

Fig. 5 is a schematic diagram of an experimental 
setup used for testing the feasibility of some em- 
bodiments of the present invention; 
Figs. 6A-6C are graphs showing the results of var- 
ious experiments; 

Fig. 7A is a graph summarizing results of experi- 
mentation on an isolated segment of cardiac mus- 
cie fibers, and showing the effect of a delay in ap- 
plying a pufse in accordance with an embodiment 
- of the invention, on the increase in contractile force; 
Fig. 7B is a graph summarizing results of experi- 
mentation on an isolated segment of cardiac mus- 
cle fibers, and showing the effect of a duration of 
the pulse on the increase in contractile force; 
Fig. 7C is a graph summarizing results of experi- 
mentation on an isolated segment of cardiac mus- 
cle fibers, and showing the effect of a current inten- 
sity of the pulse on the increase in contraciiie force; 
Fig. 8A is a graph showing the effect of a controlling 
current on a heart rate, in accordance with a pre- 
ferred embodiment of the invention; 
Fig. 8B is a series of graphs showing the repeata- 
bilrty of increasing contractility in various types of 
cardiac muscles, in accordance with a preferred 
embodiment of the invention; 
Figs. 9-18B are each a series of graphs showing 
experimental results from experiments in which an 
isolated rabbit heart was controlled in accordance 
with an embodiment of the present invention; and 
Figs. 1 9-23 are each a series of graphs showing ex- 
perimental results from experiments in which an in- 
vivo rabbit heart was controlled in accordance with 
an embodiment of the present invention. 



DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0228] One aspect of the present invention relates to 
controlling and/or modulating the contractility of a car- 
diac muscle segment and/or the plateau duration of an 
action potentiaf of the cardiac musde segment, by ap- 
plying an eJectric field or current across the segment. As 
used herein, the terms, voltage, electric field and current 



are used interchangeably to refer to the act of suppfying 
a non-excitatory signal to control cardiac activity. The 
actual method of applying the signal is described in 
more detail below. 
5 [0229] Fig. 1B shows a schematic model illustrating 
one possible explanation for the relation between an ap- 
plied voltage and a resulting plateau duration. A cell 20, 
having a membrane 26, surrounded by extra-cellular flu- 
id 28, is located in an electrical field generated by an 
10 electrode 22 and an electrode 24. Celi 20 has a -40 mV 
internal potential across membrane 26, electrode 22 
has a potential of 40 mV and electrode 24 is grounded 
(to the rest of the body). During the action potential pla- 
teau, calcium ions enter the cell and potassium ions 
15 leave the cell through different membrane proteins. In 
this model, the external electric field caused by the volt- 
age on the electrodes increases the potential of extra- 
cellular fluid 28. This reduces the outward movement of 
potassium ions from inside cell 20 and/or forces calcium 
20 ions into ceil 20, either by changing the membrane po- 
tential, thus changing the electrochemical driving force 
of ions from both sides of the membrane or by changing 
the number of ionic channels being opened or closed. 
{0230] In an additional or alternative model, the elec- 



25 trie field generated by electrodes 22 and 24 causes an 
ionic flow between them. This flow is carried mainly by 
chlorine and potassium ions, since these are the ions to 
which membrane 26 is permeable, however, calcium 
ions may also be affected. In this modef, calcium ions 
30 are drawn into cell 20 by the current while potassium 
ions are removed. Alternatively or additionally, sodium 
ions are removed instead of potassium Ions, In any 
case, the additional calcium ions in the cell increase the 
contractility of cell 20 and are believed to extend the pla- 

35 teau duration. 

[0231] Another additional or alternative mode? is that 
the electric field and/or the ionic current affect the open- 
ing and closing of voltage-gated channels (sodium, po- 
tassium and sodium-calcium). Further, the field may af- 
4 0 feet the operation of ionic pumps. One possible mech- 
anism for this effect is that the applied electric field gen- 
erates local "hot spots" of high electrical fiefds in the cell 
membrane, which hot spots can affect the opening and 
closing of ionic channels and/or pumps. Since creation 
45 of the hot spots is generally asymmetric with respect to 
the cell and since the channels themselves have an 
asymmetric behavior with respectto applied fields, more 
channels may be opened at one end of the cell than at 
the other. If, for example, more channefs open at the 
50 negative end of the cell than at the positive end of the 
cell, the inflow of calcium ions wiJI be greater than the 
outflow of these ions. 

[0232] In accordance with yet another model, the con- 
trolling electric fiefd increases the concentration of caf- 
55 cium in intracellular stores, which increased concentra- 
tion may cause increased and/or faster supply of calci- 
um during contraction, increasing the contractile force. 
Alternatively or additionally, the controlling electric field 
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may directly affect the rate at which calcium is made 
available from the IntraceffuJar store, during contraction 
of the cell Also, it may be that the controlling electric 
field directly increases the efficiency of the inflow of cal- 
cium, which causes an increase in the availability of cal- 
cium from the intraceliular stores. It should be noted that 
in some physiological models of myocyte contraction, it 
is the rate of calcium flow which determines the contrac- 
tility, rather than the total amount of calcium. 
[0233] Different types of ionic channels and pumps 
have different operating characteristics. These charac- 
teristics include rates of flow, opening and closing rates, 
triggering voftage levels, priming and dependency on 
other ions for operating. It is thus possible to select a 
particular type of ionic channel by applying a particular 
strength of electric field, which strength also depends 
on whether the channels are open or dosed at that mo- 
ment, i.e., on the depolarization/repofarization phase of 
the cell. Different attributes of cellular activity may be 
controlled by controlling the ionic channels in this man- 
ner, since the activity of excitable tissues are well deter- 
mined by their transmembrane potential and the con- 
centrations of various types of ions inside and outside 
the cell. 

—[0234]- Another model is that applying a non-excitato- 
ry electric fields induces the release of catecholamines 
(from nerve endings) at the treated portion of the heart. 
Another possibility is that the applied field facilitates the 
absorption of existing catecholamines by the cell. 
[0235] Another, "recruitment", modef, hypothesizes 
that the non-excitatory pulse recruits cardiac muscle fib- 
ers which are otherwise not stimulated by the activation 
signal. The non-excitatory pulse may work by lowering 
their depolarization threshold or by supplying a higher 
strength activation signal than is normal. However, it is 
generally accepted that cardiac muscle fibers function 
as a syncytium such that each cell contracts at each 
beat. See for example, "Excitation Contraction Coupling 
and Cardiac Contractile Force", by Donald M. Bers, 
Chapter 2 T page 17, Kluwer Academic, 1991. 
[0236] Most probably, one or more of these models 
may be used to explain the activity of cell 20 during dif- 
ferent parts of the activation cycle. However, several 
major effects, including, increasing contractility, chang- 
ing the self-activation rate, rescheduling of the repoiari- 
zatfon, extension of plateau duration, hyperpolarization 
of cells, changing of membrane potential, changing of 
conduction velocity and inactivation of cells using elec- 
tric fields, can be effected without knowing which model, 
if any, is correct. 

[0237] As can be appreciated, the direction of the 
electric field may be important. First, conduction in car- 
diac cells is very anisotropic. Second, the distribution of 
local irregularities in the cell membrane is not equal, 
rather, irregularities are more common at ends of the 
cell; in addition, one cell end is usually more irregular 
than the other cell end. These irregularities may govern 
the creation of tocal high electric fields which might af- 



fect ionic channels. Third, some cardiac structures, such 
as papillary muscles, are better adapted to conduct an 
activation signal in one direction than in an opposite di- 
rection. Fourth, there exist rhythmic depolarization sig- 
5 nafs originating in the natural conductive system of the 
heart which are caused by the depolarization and repo- 
larization of the heart muscle tissue itself. These signals 
may interfere with an externally applied electric field. 
[0238] In one preferred embodiment of the invention, 
to the purpose of a particular electric field is to induce an 
ionic current which is opposite to an ionic current in- 
duced by the voltage potential caused by the rhythmic 
depolarization of the heart. For example, the action po- 
tential plateau duration in cardiac muscle cells further 
15 from the earliest activation location is typically shorter 
than the duration of those cells nearer the earliest acti- 
vation location. This shortening may resuitfrom different 
local ionic currents caused by the depolarization and re- 
polarization of the heart and/or by different ionic current 
20 kinetics behavior at these locations. These ionic cur- 
rents can be negated by applying an electric field of an 
equal magnitude and opposite direction to the field gen- 
erated by the rhythmic depolarization. 
[0239] Fig. 2 shows a heart 30 which is controlled us- 
25 jng an electrical controller 32. A segment 38 of the right 
atrium is a controlled segment. In one preferred embod- 
iment of the invention, the casing of controller 32 is one 
electrode and an electrode 36 is a second electrode for 
applying an electric field to segment 38. fn another pre- 
30 ferred embodiment of the invention, a second electrode 
34 is used instead of the casing of controlfer 32. In a 
further preferred embodiment of the invention, the body 
of controller 32 is a ground, so that both electrode 34 
and electrode 36 can be positive or negative relative to 
35 the rest of the heart In another embodiment, electrode 
34 is not directly connected to heart 30, rather, electrode 
34 is floating inside the heart. In this embodiment, elec- 
trode 34 is preferably the current drain electrode. For 
illustrative purposes, controller 32 is shown including a 
to power supply 31, leads 29A and 29B connecting the 
controller to the electrodes and a microprocessor 33 
which controls the electrification of the electrodes. 
[0240] In an alternative embodiment, also shown in 
Fig. 2, the electric field is applied along the heart wall, 
45 rather than across it. A segment 35 of the left ventricle 
is shown to be controlled by two electrodes 37 operated 
by a controller 39. Electrodes 37 may be placed on the 
surface of heart 30, alternativefy electrodes 37 may be 
inserted into the heart muscle. Further alternatively, the 
50 electrodes may be placed in blood vessels or in other 
body tissues which are outside of the heart, providing 
that electrifying the electrodes will provide a field or cur- 
rent to at least a portion of the heart. It should be noted 
that, since the control is synchronized to the cardiac cy- 
55 cle, even if the electrodes are outside the heart, there 
is substantially no change in position of the heart be- 
tween sequential heart beats, so substantially the same 
portion of the heart will be affected each cardiac cycle, 
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even if the electrodes are not mechanically coupled to 
the heart. 

[0241] It another alternative embodiment of the inven- 
tion, more than one pair of electrodes is used to control 
segment 35. In such an embodiment, each pair of elec- 
trodes may be located differently with respect to seg- 
ment 35, for example, one pair of electrodes may be 
placed on the epicardium and a second pair placed in- 
side the myocardium. 

[0242] It shouJd be appreciated that a current induced 
between the electrodes may cause electrolytic deposi- 
tion on the electrodes over a period of time and/or may 
cause adverse physiological reactions in the tissue. To 
counteract this effect, in a preferred embodiment of the 
invention, the electric field is an AC electric field. In one 
preferred embodiment, the direction of the field is 
switched at a refatively low frequency, equal to or lower 
than the cardiac cycle rate. Preferably, the phase is in- 
verted during a particular phase of the cardiac cycle, for 
example, during diastole. In another preferred embodi- 
ment of the invention, the electric field has a frequency 
which is significantly higher than the cardiac cycle fre- 
quency. 

[0243] Fast sodium channels, once inactivated re- 
quire a certain amountof-time at a negative-potential to 
become ready for activation. As described, for example, 
in "tonic Channels of Excitable Membranes", Bertil Hille, 
chapter 2, pp. 40-45, Sinaur Associates Inc., the disclo- 
sure of which is incorporated herein by reference. Since 
most sodium channels are not activated immediately at 
the onset of depolarization, applying a voltage at a high 
enough frequency can open the few channels that do 
react quickly to potential changes, whife most of the 
channels will become inactivated and will not leave the 
inactivation stage. Thus, if the frequency of the field is 
high enough, certain ionic channels can be kept closed 
even though the average voltage is zero, with the result 
that the stimulated tissue is non-excitatory. 
[0244] In accordance with another preferred embodi- 
ment of the invention, an AC field is overlaid on a DC 
field for controlling the heart. For example, an AC field 
having a amplitude of 20% that of the DC field and a 
frequency of 1 kHz may be used. Such an AC/DC con- 
trolling field has the advantage that the change in the 
applied held is higher, so that any reactions (on the part 
of the muscle cell) to changes in the field are facilitated, 
as are any reactions to the intensity of the field. The AC 
field in a combined AC/DC field or in a pure AC type field 
may have a temporal form of a sawtooth, a sinusoid or 
another form, such as an exponential or square wave 
pulse form, 

[0245] In a DC type field, the temporal form of the field 
is preferably that of a constant amplitude pulse. Howev- 
er, in other embodiment of the invention, a triangular 
pulse, an exponential pulse, a ramp shaped pulse (in- 
creasing or decreasing), and/or a biphasic puise form 
may be used. 

[0246] Both AC and DC fields may be unipolar or bi- 



polar. The terms AC and DC, as used herein to describe 
the electric field, refate to the number of cycles in a 
pulse. A DC filed has at most one cycle, While an AC 
field may comprise many cycles. In other preferred em- 
5 bodiments of the invention, a train of pulses may be ap- 
plied, each tram being of an AC or of a DC type. 
[0247] Various types of ionic electrodes, such as Ag- 
AgCI electrodes, platinum electrodes, titanium elec- 
trodes with coatings such as nitrides and carbides, coat- 
10 ed tantalum electrodes, pyrocarbon electrodes or car- 
bon electrodes may be used, These electrodes gener- 
ally reduce the amount of electro-deposition. The elec- 
trodes may be square, rectangular, or of any other suit- 
able shape and may be attached by screwing the elec- 
ts trade into the myocaraium or by clamping or by other 
attachment methods. 

[0248] There are two preferred methods of delivering 
an electric field to a segment of the heart. In a first meth- 
od, a current is forced through the segment of the heart 

20 which is to be controlled. Preferably, the current is a con- 
stant DC current. However, an AC current, as described 
above may also be used. In a second method, an elec- 
tric field is applied across the heart (and maintained at 
a constant strength relative to the signal from). Gener- 

25- alfy r applying an eleetriefield-is-easier-and requires less 
power than inducing a current. 

[0249] The timing of the application of the electric field 
(or current) relative to the locaf activity at segment 38 
and relative to the entire cardiac cycle is important. In 

30 general, the application of the field may be synchronized 
to the local activation time if a local effect is desired, 
such as increasing the local contractiliry and/or plateau 
duration. The application of the field may be synchro- 
nized to the cardiac cycle in cases where a global effect 

35 is desired. For example, by hyperpolarizing cells in syn- 
chrony with the cardiac cycle it is possible to time their 
excitability window such that certain arrhythmias are 
prevented, as described in greater detail below. The ap- 
plication of the field may also be synchronized in accord- 

40 ance with a model of how the heart should be activated, 
in order to change the activation profile of the heart. For 
example, to increase the output of the heart, conduction 
velocities and/or conduction pathways may be control- 
led so that the heart contracts in a sequence deemed to 

45 be more optimal than a natural sequence. In particular, 
by controlling the conduction velocity at the AV node 
and/or at the left and right branches the AV interval may 
be increased or reduced. It should however be appreci- 
ated that the difference in activation times between dif- 

50 ferent parts of the heart, especially in the same chamber 
of the heart, is usually quite small. For example, the 
propagation time of an activation signal in the left ven- 
tricle is approximately between 15 and 50 msec. If the 
control function may be achieved even if the timing of 

55 the application of the controlling field is locally off by 5 
or 10 msec, then the control function can be achieved 
using a single pair of controlling electrodes. 
[0250] Although, it is usually simplestto determine the 
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locaf activation using a measured efectrical activation 
time, it should be appreciated that the local activation of 
a tissue segment may be determined based on changes 
in mechanical activity, changes in position, velocity of 
motion, acceleration and even transmembrane poten- 5 
trals. Further, since in diseased tissue the delay between 
electrical activation and mechanical activation may be 
longer than in healthy tissue, the timing of the applica- 
tion of the field is preferably relative to the mechanical 
activation of the muscle. 10 
[0251] In a preferred embodiment of the invention , 
the timing of the field is relative to the actual transmem- 
brane potentials in the segments, not those which may 
be estimated from the electrogram and/or the mechan- 
ical. Thus, initiation of the field may be timed to the onset 15 
of the plateau to increase contractility. Alternatively, ap- 
plication of the field may be timed to specific transmem- 
brane voltage levels. Further preferably, the strength 
and/or other parameters of the field, may be determined 
responsive to the actual transmembrane potentials and 20 
ionic concentrations achieved in cells of the segment. 
One way of determining the actual voltage levels is to 
inject a voltage sensitive dye into the cell and monitor it 
using an optical sensor, such as known In the art in ex- 
perimental settings. One way of monitoring ion ic con- 25 
centrations, both intracellular and extracellular is by us- 
ing concentration sensitive dyes. 
[0252J if an electric field is applied before the activa- 
tion signal reaches segment 38, the electric field can be 
used to reduce the sensitivity of segment 38 to the ac- 30 
tivation signal. One method of producing this effect is to 
apply a large electric field opposite to the direction of 
the activation signal and synchronized to it. This field 
will reduce the amplitude of the activation signal, so that 
it cannot excite cardiac tissue. Another method is to ap- 35 
ply a strong positive potential on segment 38 before an 
activation signal reaches it, so that segment 38 is hy- 
perpolarized and not sensitive to the activation signal. 
Removing the electric field does not immediately re- 
verse this effect. Segment 38 stays insensitive for a 4o 
short period of time and for a further period of time, the 
conduction velocity in segment 38 is reduced. In some 
cases however, removing the electric field will cause an 
action potential to occur. This action potential can be 
timed so that it occurs during a safe period with respect 45 
to the activation profile of the heart, so that if the seg- 
ment generates an activation signal, this signal will not 
be propagated to other parts of the heart, in some cases, 
the application of the field may affect the reactivity of the 
cells to the electrical potential rather and, in others, it 50 
may extend the refractory period. It should be noted that 
an electric field applied shortly after activation may also 
extend the refractory period, in addition to increasing the 
force of contraction. 

[0253] It should be noted that, since the cardiac cycle 55 
is substantially reported, a delay before the activation 
time and a delay after the activation time may both be 
embodied using a system which delays after the activa- 



tion time. For example, a fieJd which should be applied 
20 msec before the activation time, may be applied in- 
stead 680 msec after (assuming the cycle length is 700 
msec), 

[0254] Other applications of electric fields can in- 
crease the conduction velocity, especially where the 
conduction velocity is low as a result of tissue damage. 
Another method of controlling conduction is to apply an 
electric field similar to that used for defibrillation. When 
applied during the repolarization period of these cells, 
this type of electric field delays the repolarization. During 
this delayed/extended repolarization the cells are non- 
excitable. It should be appreciated that if this "defibrilla- 
tion field" is applied using the techniques described 
herein (small, local and synchronized to a local activa- 
tion time) the heart itself will not be defibrillated by the 
electric field. In one preferred embodiment of the inven- 
tion, a locally defibrillated portion of the heart is isolated, 
by fences, from the rest of the heart. 
[0255] Fig. 3 illuminates one use of extending the re- 
fractory periods of cardiac tissue. Segment 40 is a por- 
tion of a right atrium. An activation signal normally prop- 
agates from an SA node 42 to an AV node 44. Several 
competing pathways, marked 46A-46D, may exist be- 
tween SA-node 42 and AV node ^^ 44- however,"in" healthy" 
tissue, only one signal reaches AV node 44 within its 
excitability window. In diseased tissue, several signals 
which have traveled in different paths may serially excite 
AV node 44 even though they originated from the same 
action potential in the SA node. Further, in atrial fibrilla- 
tion, the entire right atrium may have random signals 
running through it. In a preferred embodiment of the in- 
vention, electric fields are applied to a plurality of re- 
gions which act as "fences" 48A and 48B, These fences 
are non-conducting to activation signals during a partic- 
ular, predetermined critical time, depending on the acti- 
vation time of the electric fields. Thus, the activation sig- 
nal is fenced in between SA node 42 and AV node 44. 
It is known to perform a surgical procedure with a similar 
effect (the "maze" procedure), however, in the surgical 
procedure, many portions of the right atrium need to be 
ablated to produce permanent insulating regions (fenc- 
es). In the present embodiment of the invention, at least 
portions offences 48A and 48B may be deactivated af- 
ter the activation signal has passed, so that the atrium 
can contract properly. 

[0256] In a preferred embodiment of the invention, a 
fence is applied using a linear array of bipolar elec- 
trodes. In another preferred embodiment of the inven- 
tion, a fence is applied using two (slightly) spaced apart 
elongate wire electrodes of opposite polarity. Preferably, 
portions of the wire electrodes are isolated, such as seg- 
ments 0.5 cm long being isolated and segments 0.5 cm 
long being exposed. 

[0257] Still another preferred embodiment of the in- 
vention relates to treating ventricular fibrillation (VF). In 
VF, a ventricle is activated by more than one activation 
signal, which do not activate the ventricle in an orderly 
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fashron. Rather, each segment of the ventricle is ran- 
domly activated asynchronously with the other seg- 
ments of the ventricle and asynchronously with the car- 
diac cycJe. As a result, no pumping action is achieved, 
in a preferred embodiment of the invention, a plurality 
of electrical fences are applied in the affected ventricle 
to damp the fibrillations. In general, by changing the win- 
dow during which segments of the ventricle are sensitive 
to activation, a fibrillation causing activation signal can 
be blocked, without affecting the natural contraction of 
the ventricle. In one embodiment of the invention, the 
fences are used to channel the activation signals along 
correct pathways, for example, only longitudinal path- 
ways. Thus, activation signals cannot move in trans- 
verse direction and transverse activation signals will 
quickly fade away, harmlessly. Healthy activation sig- 
nals from the AV node will not be adversely affected by 
the fences. Alternatively or additionally, fences are gen- 
erated in synchrony with the activation signal from the 
AV node, so that fibrillation causing activation signals 
are blocked. Further atternativefy, entire segments of 
the ventricle are desensitized to the activation signals 
by applying a positive potential to those segments 
deemed sensitive to fibrillation. 

[0258] Dividing the heart into insulated segments us- 
fng fences is useful for treating many types of arrhyth- 
mias. As used herein, the term insulated means that 
conduction of the activation signal is blocked or slowed 
down or otherwise greatly reduced by deactivating por- 
tions of the heart conduction system. For example, 
many types of ventricular tachycardia (VT) and prema- 
ture beats in the heart are caused by local segments of 
tissue which generate a pacing signal. These segments 
can be insulated from other segments of the heart so 
that only a small, local segment is affected by the irreg- 
ular pacing. Alternatively, these diseased segments can 
be desensitized using an eJectric field, so that they do 
not generate incorrect activation signals at afl. 
[0259] Premature beats are usually caused by an 
oversensitive segment of the heart. By applying a focal 
electnc field to the segment, the sensitivity of the seg- 
ment can be controlled and brought to similar levels as 
the rest of the heart, solving the major cause of prema- 
ture beats. This technique is also applicable to insensi- 
tive tissues, which are sensitized by the application of a 
local electric field so that they become as sensitive as 
surrounding tissues. 

[0260] It shoufd be appreciated that it is not necessary 
to know the exact geometrical origin of an arrhythmia to 
treat it using the above described methods. Rather en- 
tire segments of the heart can be desensitized in syn- 
chrony with the cardiac cycle so that they do not react 
before the true activation signal reaches them. Further, 
the heart can be divided into isolated segments or 
fenced in without mapping the electrical system of the 
heart. For example, electrodes can be inserted in the 
coronary vessels to create fences in the heart. These 
fences can block most if not afl of the irregular activation 



signals in the heart and still allow "correct" activation sig- 
nals to propagate by synchronizing the generation of 
these fences to the "correct" cardiac activation profile 
Alternativefy or additionally, each isolated segment is 
s paced with an individuaf electrode. Alternatively, an ar- 
ray of electrodes may be implanted surrounding the 
heart so that it is possible to individual controi substan- 
tially any local portion thereof. 

[0261] In an additional preferred embodiment of the 
10 present invention, segments of the heart are continue 
ousfy controlled using an electric field, so that their 
membrane potential at rest is below -60 mV. Below this 
level, the voltage-gated sodium channels cannot be 
opened by an activation signal. It is not usually possible 
« to clamp afl of the cells in a tissue segment to this volt- 
age, so some of the ceils in the tissue will typically be 
excitabfe. However, it is known that hyperpolarization 
causes depletion of potassium ions in the extracellular 
spaces surrounding individuaf cardiac muscle ceifs 
20 which will cause a general reduction in the excitability 
of all the ceils which share the same extracellular spac- 
es. As described, for example, in "K+ Ffuctuations in the 
Extracellular Spaces of Cardiac Muscle; Evidence from 
theVoltage Clamp and Extracelfular K+ - Selective. Mj- 
& croelectrodes", Cohen J and Kline R, Circulation Re- 
search, Vol. 50, No. 1, pp. 1-16, January 1982, the dis- 
cfosure of which is incorporated herein by reference 
Thus, the reaction of the segments of the heart to an 
activation signaf is reduced, has a fonger delay and the 
30 propagation velocity in those segments is significantly 
reduced. Other resting potentials may affect the opening 
of other voftage-gated channeis in the cell. 
[0262] Another preferred embodiment of the invention 
relates to cardiac surgery, fn many instances it is desir- 
es able to stop the pumping action of the heart for a few 
seconds or minutes necessary to complete a suture or 
a cut or to operate on an aneurysm. Current practice is 
not very flexible. In one method, the heart is bypassed 
with a heart-Jung machine and the heart itseff is stopped 
40 for a long period of time. This process is not healthy for 
the patient as a whole or for the heart itseff and, often, 
serious post-operative complications appear, fn another 
method, the heart is cooled down to reduce its oxygen 
consumption and it is then stopped for a (non-extendi- 
45 ble) period of a few minutes. The period is non-extend- 
ible in part since during the stoppage of the heart the 
entire body is deprived of oxygen. In these methods, the 
heart is usualfy stopped using a cardiopiesic solution. In 
a third method fibrilfation is induced in the heart. How- 
50 ever, fibrillation is known to cause ischemia, due to the 
greatly increased oxygen demand during fibrillation and 
the blockage of bfood flow in the coronary arteries by 
the contraction of the heart muscle. Ischemia can irre- 
versibfy damage the heart. 
55 [0263] Cessation or reduction of the pumping activity 
of the heart may be achieved using methods described 
herein, for example, fencing. Thus, in a preferred em- 
bodiment of the invention, the pumping action of the 
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heart is markedly reduced using techniques described 
herein, repeatedly and reversibly, for short periods of 
time. It should be appreciated that due to the simplicity 
of application and easy reversibility, stopping the heart 
using electrical control is more flexible than currently 
practiced methods. Electrical control is especiaily useful 
in conjunction with endoscopic heart surgery and endo- 
scopic bypass surgery, where it is desirable to reduce 
the motion of small segments of the heart. 
[0264] Another preferred embodiment of the present 
invention relates to treating ischemic portions of the 
heart. Ischemic portions, which may be automatically 
identified from their injury currents using locally implant- 
ed sensors or by other electrophysiological character- 
ization, may be desensitized or blocked to the activation 
signal of the heart. Thus, the ischemic cells are not re- 
quired to perform work and may be able to heal, 
[0265] U.S. provisional application 60/009,769 titled 
"Cardiac Electromechanics", filed on January 11, 1996, 
by Shlomo Ben-Haim and Maier Fenster, and its corre- 
sponding Israeli patent application No. 116,699 titled 
"Cardiac Electromechanics", filed on January 8, 1996 
by applicant Biosense Ltd-, the disclosures of which are 
incorporated herein by reference, describe methods of 
cardiac modeling and heart optimization. In cardiac 
modeling, the distribution of muscle mass in the heart is 
changed by changing the workload of segments of the 
heart or by changing the plateau duration of action po- 
tentials at segments of the heart. These changes may 
be achieved by changing the activation profile of the 
heart. Plateau duration can be readily controlled using 
methods as described hereinabove. Further, by control- 
ling the conduction pathways in the heart, according to 
methods of the present invention, the entire activation 
profile of the heart can be affected. In cardiac optimiza- 
tion as described in these applications, the activation 
profile of the heart is changed so that global parameters 
of cardiac output are increased. Alternatively, local 
physiological values, such as stress, are redistributed 
to relieve high-stress locations in the heart. In a pre- 
ferred embodiment of the present invention, the activa- 
tion profile may be usefully changed using methods as 
described hereinabove. 

[0266] In order to best implement many embodiments 
of the present invention, it is useful to first generate an 
electrical, geometrical or mechanical map of the heart. 
U.S. Patent Application No. 08/595,365 titled "Cardiac 
Electromechanics", filed on February 1, 1996, by Shlo- 
mo Ben-Haim, and two PCT applications filed in Israel, 
on even date as the instant application, by applicant "Bi- 
osense" and titled "Cardiac Electromechanics" and 
"Mapping Catheter", the disclosures of which are incor- 
porated herein by reference, describe maps and meth- 
ods and means for generating such maps. One partic- 
ular map which is of interest is a viability map, in which 
the viability of different segments of heart tissue is 
mapped so as to identify hibernating and/or ischemic tis- 
sue. U.S. Patent 5,391,199, U.S. Patent application No. 
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08/293,859, filed on August 19, 1994, titled "Means and 
Method for Remote Object Position and Orientation De- 
tection System" and PCT Patent application 
US95/011 03, now published as WO96/05768 on Febru- 

5 any 29, 1996, the disclosures of which are incorporated 
herein by reference, describe position sensing means 
suitable for mounting on a catheter which is especially 
useful for generating such maps. Such position sensing 
means may also be useful for correctly placing elec- 

10 trades in the heart if the electrodes are implanted using 
minimally invasive techniques such as those using en- 
doscopes, throactoscopes and catheters. 
[0267] In one preferred embodiment of the invention, 
a map of the heart is used to determine which portions 

15 of the heart are viable, and thus, can be controlled to 
increase the cardiac output. Preferably, the entire acti- 
vation profile of the heart is taken into account when de- 
termining to which portions of the heart a controlling field 
should be applied, to maximize a parameter of cardiac 

20 output. The activation profile may also determine the 
timing of the application of the field. A perfusion map 
may be used to access the blood flow to various portions 
of the heart. It is to be expected that increasing the con- 
tractility of a segment of heart muscle also increases the 

25 oxygen demand of that segment. Therefore, it is desir- 
able to in crease the contractility only of those segments- 
which have a sufficient blood flow. Possibly, the oxygen 
demands of other segments of the heart is reduced by 
proper controlling of the activation sequence of the 

30 heart. 

[0268] Alternatively or additionally to mapping the 
perfusion and/or viability of the heart, the onset of con- 
trolling the heart may be performed gradually. Thus, the 
cardiac blood supply has time to adapt to the increased 
35 demand (if any) and to changes in supply patterns, in 
addition, the increase in demand will not be acute, so 
no acute problems (such as a heart attack) are to be 
expected as a result of the controlling. In one embodi- 
ment, the controlling is applied, at first, only every few 
40 heart beats, and later, every heart beat. Additionally or 
alternatively, the duration of a controlling pulse is grad- 
ually increased over a long period of time, such as sev- 
eral weeks. Additionally or alternatively, different seg- 
ments are controlled for different heart beats, to spread 
45 the increased demand over a larger portion of the heart. 
[0269] In an alternative preferred embodiment of the 
invention, the contractility of the heart is controlled only 
during the day and not during the night, as the cardiac 
demand during the day time is typically greater than dur- 
50 ing the night. Alternatively or additionally, the controller 
is used for a short time, such as 1 5 minutes, in the morn- 
ing, to aid the patient in getting up. Alternatively or ad- 
ditionally, a controlling electric field is applied only once 
every number of beats (day and/or night). Further alter- 
55 natively, the heart is controlled for a short period of time 
following an acute ischemic event, until the heart recov- 
ers from the shock. One preferred controlling method 
which may be applied after a heart attack relates to pre- 
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venting arrhythmias. Another preferred controlling is de- 
sensitizing infarcted tissue or reducing the contractility 
of such tissue or electrically isolating such tissue so as 
to reduce its oxygen demands and increase its chance 
of healing. 

[0270] One benefit of many embodiments of the 
present invention, is that they can be implemented with- 
out making any structural or other permanent changes 
in the conduction system of the heart. Further, many em- 
bodiments may be used in conjunction with an existing 
pacemaker or in conjunction with drug therapy which af- 
fects the electrical conduction in the heart. In addition, 
different controlling schemes may be simultaneously 
practiced together, for example, controlling the heart 
rate and increasing contractility in the left ventricle. 
[0271] It must be appreciated however, that, by 
changing the activation profile of the heart, some chang- 
es may be effected on the structure of the heart. For 
example, cardiac modeling, as described above, may 
result from activation profile changes, overtime. 
[0272] Fig. 4A is a schematic diagram of an electrical 
controller 50, in operation, in accordance with a pre- 
ferred embodiment of the invention, A muscle segment 
56, which is controlled by controller 50, is preferably 
electrified by at least one electrode 52 and preferably 



electrode is activated before tissue at the other elec- 
trode, the delay time in electrifying the electrodes must 
be longer. Thus, the optimal delay time in electrifying an 
electrode after the local activation time is dependent, 
5 among other things, on the orientation of the electrodes 
relative to the activation front. The conduction velocity 
of the activation front is affected in a substantial manner 
by the orientation of the cardiac muscle fibers. Thus, the 
orientation of the electrodes relative to the muscle fiber 
10 direction also has an effect on the optimal delay time, 
[0274] In another preferred embodiment of the inven- 
tion, local activation time (and electrification of elec- 
trodes 52 and 54) is estimated, based on a known prop- 
agation time of the activation signal. For example, if sen- 
's sor58 is placed in the right atrium, a delay of about 120 
msec may be expected between the sensing of an acti- 
vation signal at sensor 58 and the arrival of the activation 
signal at electrodes 52 and 54. Such delays can also be 
estimated. Within a single chamber, for example, it takes 
20 about 30-50 msec for the activation front to cover all the 
left ventricle. A sensor 58 may be placed at a location 
in the left ventricle which is excited relatively early by 
the activation signal. In a preferred embodiment of the 
invention } activation propagation times between im- 
25 planted sensors and electrodes are measured in at least 



by a second electrode 54. Electrode 54 may be electri- 
cally floating. A sensor 58 may be used to determine the 
local activation time of segment 56, as an input to the 
controller, such as for timing the electrification of the 
electrodes. Other additional or alternative local and/or 
global cardiac parameters may also be used for deter- 
mining the electrification of the electrodes. For example, 
the electrode(s) may be used to sense the local electri- 
cal activity, as well known in the art. Alternatively, sensor 
58 is located near the SA node for determining the start 
of the cardiac rhythm: Alternatively, sensor 58 is used 
to sense the mechanical activity of segment 56, of other 
segments of the heart or for sensing the cardiac output. 
Cardiac output may be determined using a pressure 
sensor or a flow meter implanted in the aorta. In pre- 
ferred embodiment of the invention t sensor 58 senses 
the electrical state of the heart, controller 50 determines 
a state of fibrillation and electrifies electrodes 52 and 54 
accordingly 

[0273] Sensor 58 may be used for precise timing of 
the electrification of electrodes 52 and 54. One danger 
of incorrect electrification of the electrodes is that if the 
electrodes are electrified before an activation front 
reaches segment 56, the electrification may induce fi- 
brillaiion. In a preferred embodiment of the invention, 
sensor 58 is placed between electrodes 52 and 54 so 
that an average activation time of tissue at the two elec- 
trodes is sensed. It should be appreciated that the pre- 
cise timing of the electrification depends on the propa- 
gation direction of the activation front in the heart. Thus, 
if tissues at electrodes 52 and 54 are activated substan- 
tially simultaneously, the controlling field can be timed 
to be applied shortly thereafter. However, if tissue atone 



one heart activation profile (such as at a resting heart 
rate) and are used to estimate a desired delay in elec- 
trification of electrodes, it should be appreciated that, in 
diseased hearts, local conduction velocity may change 
30 substantially in time, thus, learning of and adaptation to 
the changes in local activation are a desirable charac- 
teristic of controller 50, In a preferred embodiment of the 
invention, a particular state of arrhythmia (or activation 
profile) is determined based on a parameter of the ECG, 
35 such as the morphology and/or the frequency spectrum 
of either an external or an internal EGG. Controller 50 
determines the controlling profile based on the deter- 
mined state. In particular, delay times, as described 
herein, may be associated with states, so that the exact 
4£? delay time for the activation may be decided in real-time 
for each state of arrhythmia. Preferably, the delay times 
are precalculated and/or are determined during a learn- 
ing state of controller 50, in which stage, an optimal de- 
lay time is determined for a particular activation state 
45 and stored in association therewith, 

[0275] Sensor 58 may be placed on the epicardium, 
on the endocardium or, in a preferred embodiment of 
the invention, sensor 58 is inserted into the myocardium. 
[0276] Fig. 4B shows an alternative embodiment of 
50 the invention, wherein a heart segment 55 is controlled 
by a plurality of electrodes 59 which are connected to a 
controller 57. The use of many electrodes enables 
greater control of both spatial and temporal character- 
istics of the applied electric field. In one example, each 
55 one of electrodes 59 is used to determine its local acti- 
vation. Controller 57 individually electrifies electrodes 
59 according to the determined activation. Preferably, 
the electrodes are activated in pairs, with current lowing 
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between a pair of electrodes whose local activation time 
is known. 

[0277] Different embodiments of the present inven- 
tion will typically require different placement of the con- 
trol electrodes. For example, some embodiments re- 
quire a large area electrode, for applying an electric field 
to a large portion of the heart. In this case, a net type 
electrode may be suitable. Alternatively, a largeflat elec- 
trode may be placed against the outside of the heart. 
Other embodiments require long electrodes, for exam- 
ple, for generating fences. In this case, wires are pref- 
erably implanted in the heart, parallel to the wall of the 
heart. Optionally, the electrodes may be placed in the 
coronary vessels outside the heart. In some aspects of 
the invention electrodes are placed so that the field gen- 
erated between the electrodes is parallel to the direction 
in which activation fronts normally propagate in the 
heart, in others, the field is perpendicular to such path- 
ways. 

[0278] In one preferred embodiment of the invention, 
a pacemaker is provided which increases the cardiac 
output. A pacemaker activation pulse is usually a single 
pulse of a given duration, about 2 msec in an internal 
pacemaker and about 40 msec in an external pacemak- 
er. In accordance with a preferred embodiment of the 



invention, a pacemaker generates a double pulse to ex- 
cite the heart. A first portion of the pulse may be a stim- 
ulation pulse as known in the art, for example, 2 mA (mil- 
liamperes) constant current for 2 msec. A second por- 
tion of the pulse is a pulse as described herein, for ex- 
ample, several tens of msec long and at a short delay 
after the first portion of the pacemaker pulse. Alterna- 
tively, a very long stimulation pulse may be used. This 
type of pacemaker preferably uses two unipolar elec- 
trodes, one at the apex of the heart and one ai the top 
of the left ventricle (or the right ventricle if it the right 
ventricular activity is to be increased), 
[0279] In a preferred embodiment of the invention, a 
controller is implanted into a patient in which a pace- 
maker is already implanted. The controller is preferably 
synchronized to the pacemaker by connecting leads 
from the controller to the pacemaker, by sensors of the 
controller which sense the electrification of the pace- 
maker electrodes and/or by programming of the control- 
ler and/or the pacemaker. 

[0280] In a preferred embodiment of the invention, the 
pacemaker adapts to the physiological state of the body 
in which it is installed by changing the heart's activity 
responsive to the physiological state. The pacemaker 
can sense the state of the body using one or more of a 
variety of physiological sensors which are known in the 
art, including, pH sensors, p0 2 sensors, pC0 2 sensors, 
blood-flow sensors, acceleration sensors, respiration 
sensors and pressure sensors. For example, the pace- 
maker can increase the flow from the heart in response 
to an increase in pC0 2 - Since the control is usually ap- 
plied in a discrete manner over a series of cardiac cy- 
cles, this control may be termed a control sequence. The 



modification in the heart's activity may be applied grad- 
ually or, preferably, in accordance with a predetermined 
control sequence. 

[0281] In one aspect of the invention, target values 
5 are set for at least one of the measured physiological 
variables and the pacemaker monitors these variables 
and the effect of the control sequence applied by the 
pacemaker to determine a future control sequence. 
Once the discrepancy between the target value and the 
10 measured value is low enough, the control sequence 
may be terminated. As can be appreciated, one advan- 
tage of a cardiac controller over a pacemaker is that it 
can control many aspect of the heart's activation profile. 
As a result, the controller can determine a proper trade- 
rs off between several different aspects of the activation 
profile of the heart, including, heart output, oxygenation 
of the cardiac muscle, contractile force of the heart and 
heart rate. 

[0282] Another aspect of the invention relates to mod- 
20 jfyjngthe relation between the contraction of the left ven- 
tricle and the contraction of the right ventricle. In a 
healthy heart, increased contractility of the left ventricle 
is followed by increased contractility of the right ventri- 
cle, as a result of the increased output of the left ventri- 
25 cle, which causes an increase in the preload of the right 
ventricle. Decreased left ventricular output reduces the 
right ventricular output in a similar manner, in some cas- 
es, such as pulmonary edema, it may be desirable to 
modify the flow from one ventricle without a correspond- 
30 ing change in the flow from the other ventricle. This may 
be achieved by simultaneously controlling both ventri- 
cles, one control increasing the flow from one ventricle 
while the other control decreases the flow from the other 
ventricle. This modification will usually be practiced for 
35 short periods of time only, since the vascular system is 
a closed system and, in the long run, the flow in the pul- 
monary system is the same as in the general system. In 
a preferred embodiment of the invention, this modifica- 
tion is practiced by controlling the heart for a few beats, 
40 every certain period of time. 

[0283] Another aspect of the present invention relates 
to performing a complete suite of therapies using a sin- 
gle device. A controller in accordance with a preferred 
embodiment of the invention includes several therapies 
45 which it can apply to the heart, including for example, 
increasing contractility, defibrillation, fencing, heart rate 
control and pacing. The controller senses (using physi- 
ological sensors) the state of the body and decides on 
an appropriate short-term therapy, for example, defibrii- 
50 lation to overcome fibrillation, increasing the heart rate 
to increase the cardiac outflow or applying fences to re- 
strain a sudden arrhythmia. Additionally or alternatively, 
such a controller can change the applied control se- 
quence in response to long term therapeutic goals. For 
55 example, if increasing contractility is used to increase 
the muscle mass in a portion of the heart, once a re- 
quired muscle mass is reached, the control sequence 
may be stopped. This is an example of a therapeutic 
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treatment affected by the controller. In another example, 
a few weeks after the device Is imptanted and pro- 
grammed to increase the cardiac output to a certain tar- 
get variable, the target variable may be changed. Such 
a change may be mandated by an expected period of 
time over which the heart adapts to the controller. One 
such adaptation is that the heart becomes stronger and/ 
or more efficient. Another such adaptation may be that 
the heart reduces its response to the control sequence, 
so that a different control sequence may be required to 
achieve the same goals. In a preferred embodiment of 
the invention, the control sequence is varied every cer- 
tain period of time and/or when the response of the heart 
to the control sequence is reduced below a predeter- 
mined level. 

[0284] In an alternative embodiment of the invention, 
a control device includes a human operator in the loop, 
at least during a first stage where the controller must 
"learn" the distinctive aspects of a particular heart/pa- 
tient Ala later stage, the operator may monitor the ther- 
apeutic effect of the controller on a periodic basis and 
change the programming of the controller if the thera- 
peutic effect is not that which the operator desires. 
[0285] in an additional embodiment of the invention, 
the controll er i s not implanted in the body. Preferably, 
the control sequence is applied using one or more cath- 
eters which are inserted Into the vascular system. Alter- 
natively, electrodes may be inserted directly through the 
chest wall to the heart. 

[0286] In another preferred embodiment of the inven- 
tion, a controlling current (or electric field) is applied 
from electrodes external to the body. One inherent prob- 
lem in external controlling is that the controlling current 
will usually electrify a large portion of the heart. It there- 
fore important to delay the application of the current until 
the heart is refractory. One method of achieving this ob- 
jective is to sense the ECG using external electrodes. 
Preferably, an electrode array is used so that a local ac- 
tivation time in predetermined portions of the heart may 
be determined. 

10287] Another method of external controlling com- 
bines controlling with external pacing, thereby simplify- 
ing the task of properly timing the controlling pulse rel- 
ative to the pacing pulse. In a preferred embodiment of 
the invention, the delay between the pacing pulse and 
the controlling pulse is initially long and is reduced until 
an optimum delay ts determined which gives a desired 
improvement in pumping and does not cause fibrillation. 
[0288] Additionally or alternatively, the external pace- 
maker includes a defibrillator which applies a defibrilla- 
tion pulse if the controlling pulse causes fibrillation. 
[0289] It should be appreciated thai pacemakers and 
controllers in accordance with various embodiments of 
the present invention share many common characteris- 
tics. It is anticipated that combining the functions of a 
controller and of a pacemaker in a single device will 
have many useful applications. However, several struc- 
tural differences between pacemakers, defibrillators 



and controllers in accordance with many embodiments 
of the present invention are notable. 
[0290] One structural difference relates to the size 
and shape of the electrodes. Pacemakers usually use 

5 bipolar activation electrodes or unipolar electrodes 
where the pacemaker case is the other electrode, The 
design of the electrodes is optimized to enhance the 
contact between the electrodes and the heart at a small 
area, so that the power drain in the pacemaker will be 

10 as low as possible. In a defibrillator, there is an opposite 
consideration, namely, the need to apply a very large 
amount of power to large areas of the heart without 
causing damage to the heart. In preferred embodiment 
of the present invention, small currents are applied, 

15 however, it is desirable that the current will flow through 
large portions of the cardiac tissue, in a controlled man- 
ner. 

[0291] Another structural difference relates to the 
power supply. Pacemaker power supplies usually need 

2o to deliver a short (2 msec), low power, pulse once a sec- 
ond. Defibrillators usually need to deliver a short (6-8 
msec), high power, pulse or series of pulses at long in- 
tervals (days). Thus, pacemakers, usually drain the 
power from a capacitor having a short delay and which 

25 is directly connected to the battery, while defibrillators 
usually charge up both a first and a second capacitor so 
that they may deliver two sequential high-power pulses. 
A controller in accordance with some embodiments of 
the present invention, is required to provide a long low 

30 power pulse once a second. Preferably, the pulse is 
longer than 20 msec, more preferably longer than 40 
msec and still more preferably, longer than 70 msec. 
Such a pulse is preferably achieved using a slow-decay 
capacitor and/or draining the power directly from a bat- 

35 tery, via an constant current, a constant voltage and/or 
a sig nal forming circuit. Preferably, the el eetrodes used 
in a controller in accordance with the present invention 
slowly release a steroid, to reduce inflammation at the 
electrodes point of contact with the heart. 

40 [0292] Another structural difference relates to the 
placement of the electrodes. In a pacemaker, a single 
electrode is placed in the apex of the heart (in some 
pacemakers, one electrode per chamber, or sometimes, 
more than one). In a defibrillator, the electrodes are usu- 

45 ally placed so that most of the heart (or the right atrium 
in AF defibrillators) is between the electrodes. In a con- 
troller according to some embodiments of the present 
invention, the electrodes are placed across a segment 
of heart tissue, whose control is desired. Regarding 

so sensing, many pacemakers utilize sensing in one cham- 
ber to determine a proper delay before electrifying a sec- 
ond chamber. For example, in a heart whose AV node 
is ablated, the left ventricle is synchronized to the right 
atrium by a pacemaker which senses an activation front 

55 In the right atrium and then, after a suitable delay, paces 
the left ventricle. It is not, however, a usual practice to 
sense the activation front in a chamber and then pace 
the selfsame chamber after a delay. Even when such 
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same chamber sensing and pacing is performed, the 
sensing and pacing are performed in the right atrium and 
not the left ventricle. Further, sensing at the pacing elec- 
trode in order to determine a deiay time for electrification 
of the electrode is a unique aspect of some aspects of 
the present invention, as is sensing midway between 
two pacing electrodes. Another unique aspect of some 
embodiments of the present invention is pacing in one 
chamber (the right atrium), sensing an effect of the pac- 
ing in another chamber (the left ventricle) and then pac- 
ing the other chamber (the left ventricle). The use of mul- 
tiple pairs of electrodes disposed in an array is another 
unique aspect of certain embodiments of the present in- 
vention. 

[0293] Due to the wide range of possible signal forms 
for a controller, a preferred controller is programmable, 
with the pulse form being externally downloadable from 
a programmer. Telemetry systems for one- and two- di- 
rectional communication between an implanted pace- 
maker and an external programmer are well known in 
the art. It should be noted, that various embodiments of 
the present invention can be practiced, albeit probably 
less efficiently, by downloading a pulse form in accord- 
ance with the present invention to a programmable 
pacemaker. In a preferred embodiment of the invention, 



anti-arrhythmic treatment in accordance with the 
present invention. 

[0296] In another example, the amount of increase in 
contractility is determined by the amount of live tissue 
5 between the controlling electrodes. A viability map may 
be used to determine a segment of heart tissue having 
a desired mount of live tissue. 

[0297] The timing of the activation of cardiac muscle 
relative to the rest of the heart is an important factor in 
10 determining its contribution to the cardiac output. Thus, 
it is useful to determine the relative activation time of the 
segment of the heart which is to be controlled, prior to 
implanting the electrodes. 

[0298] Fig. 5 shows an experimental setup designed 
15 and used to test some embodiments of the present in- 
vention. A papillary muscle 60, from a mammalian spe- 
cies (in the first set of experiment, a guinea pig), was 
connected between a support 62 and a pressure trans- 
ducer 64 in a manner such that isometric contraction 
20 could be achieved. Muscle 60 was stimulated by a pair 
of electrodes 66 which were connected to a pulsed con- 
stant current source 70. A puise generator 74 generated 
constant current pacing pulses for electrodes 66. A pair 
of electrodes 68 were used to apply an electric field to 
25 muscle 60. A slave pulse generator 76, which bases its 



such a programmer includes software for analyzing the 
performance and effect of the controller. Since analysis 
of the performance of the controller may include infor- 
mation not provided by the controller, such as an ultra- 
sound image or an external body ECG, such software 
may be run from a separate computer, 
[0294] It should be appreciated that a controller in ac- 
cordance with the present invention is preferably per- 
sonalized for particular patient before implantation 
therein. Alternatively or additionally, the personaliza- 
tions may be performed by programming the d evice af- 
ter it is implanted. The heart of the patient is preferably 
mapped, as described above, in order to determine the 
preferred placement of the control electrodes and/or the 
sensing electrodes and/or in order to determine the 
proper timings. 

[0295] In one example, where the left ventricle is con- 
trolled, it is useful to determine the earliest activated ar- 
ea in the left ventricle, for implantation of the sensing 
electrode. In another example, the heart is mapped to 
determine viable tissue portions which are suitable for 
implantation of electrodes (such that current will flow be- 
tween the two electrodes), in another example, the ac- 
tivation profile of the heart is determined so that it is pos- 
sible to estimate propagation times between various 
portions of the heart, and in particular, the pacing source 
(natural or artificial) and the controlling electrodes. In 
another example, the propagation of the activation front 
in the heart is determined so that the proper orientation 
of the electrodes with respect to the front may be 
achieved and/or to properly locate the sensing electrode 
(sO with respect to the controlling electrodes. It is also 
useful to determine arrhythmias in the heart so as to ptan 



timing on pulse generator 74, electrified electrodes 68 
via a pulsed constant current source 72. The force ap- 
plied by the muscle was measured by transducer 64, 
amplified by an amplifier 78 and drawn on a plotter 80. 

30 Pulse generator 74 selectably generated short activa- 
tion pulses 500, 750, 1 000 and 1 500 msec (t1 ) apart for 
variable activation of muscle 60, i.e., 2, 1.33, 1 and 66 
Hz. Pulse generator 76 generated a square wave pulse 
which started t2 seconds after the activation pulse, was 

35 t3 seconds long and had a selected current (in mA) high- 
er than zero (in amplitude). 

[0299] Fig. 6A-6C are graphs showing some results 
of the experiments. In general, the results shown are 
graphs of the force of the muscle contractions after mus- 
40 c le 60 reaches a steady state of pulsed contractions. 
Fig. 6A is a graph of the results under the following con- 
ditions: 

t1 (pacemaker pulse) = 750 msec; 
45 \2 (delay) = 150 msec; 

t3 (pulse duration) = 100 msec; and 
current = 10 mA 

As can be seen, the force exerted by the muscle was 
50 increased by a factor of 2.5 when the controlling pulse 
(electrodes 68} was used as opposed to when elec- 
trodes 68 were not activated. 

[0300] Fig. 6B is a graph of the force of muscle con- 
tractions under the following conditions: 

55 

t1= 1000 msec; 

t2= 20 msec; 

t3= 300 msec; and 
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current = 7.5 mA. 

As can be seen, the amplitude of the contractions is ex- 
tremely attenuated. When the polarity of the controlling 
signal was inverted, after a few contractions, the con- 
tractions of muscle 60 were almost completely attenu- 
ated. 

[0301] Fig. 6C is a graph of the force of muscle con- 
tractions under the following conditions: 

t1 = 1000 msec; 
t2= 20 msec; 
t3= 300 msec; and 
current = 1 mA. 

In this case, the effects of increasing the contractile 
force of muscle 60 remained for about two minutes after 
the electrification of electrodes 68 was stopped. Thus, 
the contraction of muscle 60 is dependent not only on 
the instantaneous stimulation and control but also on 
prior stimulation and control. 

[0302] Using a similar experimental setup, additional 
experiments were performed, some on papillary mus- 
cles and some on cardiac septum muscles from the ven- 
tricles and atria walls. In these experiments, the test an- 



non-excitatory current. Four experiments were per- 
formed on a right papillary muscle, of which three 
showed an increase in contractility. Two experiment 
were performed on left ventricular muscle, both showed 

5 an increase in contractility. On the average, an increase 
in contractile force of -75% was obtained. The range 
of increases was between 43% and 228% depending 
on the exact experimental configuration, 
[0304] Fig. 7A shows the effect of a delay in the onset 

w of the applied current on the increase in contractile 
force. A small delay does not substantially affect the in- 
crease in contractile force. It should be noted that as the 
delay increases in duration, the increase in contractility 
is reduced, it is theorized that such a pulse, applied at 

15 any delay, affects the plateau and/or the refractory pe- 
riod. However, the increase in contractility is only pos- 
sible for a window of time which is more limited than the 
entire activation cycle of a muscle fiber. 
[0305] Changing the polarity of the applied current 

20 sometimes affected the contractility. Usually, a first po- 
larity generated an greater increase in contractile force, 
while the other polarity generated a lower increase than 
the first polarity. In some experiments, reversing the po- 
larity during an experiment decreased the contractile 

25 force, for a short while or for the entire duration of the 



imal was usually a rabbit, however, in one case a rat 
was used. Most of these experiments used a DC con- 
stant current source which was in contact with the mus- 
cle, however, a n el ectrical field scheme was a Iso tested , 
and yielded similar results. In the electric field scheme, 
the electrodes were placed In a solution surrounding the 
muscle segment and were not in contact with the muscle 
segment. The current used was 2-10 mA. In a few ex- 
periments, no increase in contractile force was induced, 
however, this may be the result of problems with the 
electrodes (interaction with ionic fluids) and/or the cur- 
rent source, especially since Ag-AgCI electrodes, which 
tend to polarize, were used in these experiments. In 
general, many cycles of increases in contractility and re- 
turn to a base line were performed in each experiment. 
In addition, the increases in contractility were repeatable 
in subsequent experiments. These increases were ob- 
tained over a pacing range of 0.5-3 Hz. 
[0303] Figs. 7A-7C summarize the results obtained in 
these further experiments. It should be appreciated, that 
the time scales of the applied pulse are strongly asso- 
ciated with the pacing rate and with the animal species 
on which the experiment was performed, in these ex- 
periments, the pacing rate was usually about 1 Hz. With- 
in the range of 0.5-3 Hz the pulse form required for an 
increase in contraction force is not substantially affected 
by the pacing rate. The intensities of the currents used 
in the experiments are affected by the electrode types 
used, and possibly by the animal species, so that if other 
electrode types are used, different current intensities 
may be required for the same effect. Ten experiments 
were performed on a left papillary muscle, of which 8 
showed an increase in contractility due to an applied 



p~uTse7to a levef 

One possible explanation is that papillary muscle has a 
preferred conduction direction {which may not be as pro- 
nounced in ventricular tissue). Another explanation is 
30 artifacts relating to the ionization of the electrodes used 
in the experiments. 

[0306] Fig. 7B shows the effect of pulse duration on 
the increase in contractile force of a papillary muscle. A 
very short pulse, on the order of 1 msec, does not sub- 

35 stantiafly affect the contractile force. In a pulse between 
a bout 1 msec and 20 msec the contra cti I ity increases 
with the duration. In a pulse of over 20 msec, the in- 
crease in contractile force as a function of pulse duration 
is reduced; and in a pulse with over about 100 msec 
duration there is no apparent further increase in the con- 
tractile force of an isolated papilary muscle. 
[0307] Fig. 7C shows the effect of the current intensity 
on the increase in contractile force. It should be noted 
that above about 8 mA the contractile force actually de- 

45 creases below the baseline condition {where no current 
was applied). It may be that this effect is related to the 
above described theory of intra-cellular calcium stores, 
and that too much calcium in the cardiac muscle cell re- 
duces the availability of these stores, and therefore, the 

so cell's contractility. 

[0308] In addition to the above summarized results, 
several experimental results deserve special notice. 
[0309] In one experiment shown in Fig. 8A } a seg- 
ment of a right atrium from a rabbit was allowed to set 

55 its own, intrinsic, pace (-2-3 Hz). A non-excitatory cur- 
rent which was a constant current of 2 mA was driven 
through the tissue, constantly, as shown. As a result, the 
self pacing rate of the segment increased, as did the 
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contractility (after a first, short, reduction in force). 
[0310] In a second, multi-step experiment, a right rab- 
bit papillary muscle was paced at 1.5 Hz. The applied 
current was constant at between 2 and 4 mA {depending 
on the experimental step), in a pulse 70 msec long and 
no delay after the pacemaker pulse. The contractility in- 
creased by between 45% and 133% (depending on the 
step). The increased contractility was sustained at 3 mA 
for as long as two hours. Stopping the applied field 
caused a rapid return to the original (uncontrolled) con- 
tractile force. Re-application of the fieSd repeated the 
previous results. 

[031 1] In a third experiment, increasing the pulse du- 
ration of a 2 mA current over the range 1 0 to 100 msec 
in a ieft rabbit papillary muscle increased the contractile 
force; however, no effect on the duration of the muscle 
twitch was observed. 

[0312] Fig. 8B is a series of graphs which shows an 
increase in contractility in several different cardiac mus- 
cle types (the horizontal bar indicates the application of 
a controlling electric field). 

[0313] Two more experiments, not included in the 
above discussion, were performed on a papillary mus- 
cle. In these experiments, a triangular shaped pulse, 
having a duration of 120 msec and a peak of 5 mA, was 
applied with no delay after a standard pacing pulse (2 
mA, 2 msec). The increase in contractility of the muscle 
was -1700%, from 10 mg to 178 mg. The duration of 
the contraction increased from 220 msec to 260 msec. 
[031 4] I n another series of experiments, a whoie tivin g 
heart was removed from a rabbit (1-2 Kg in weight) and 
controlled using methods as described hereinabove. 
The apparatus for keeping the heart alive was an Iso- 
lated Heart, size 5, type 833, manufactured by Hugo 
Sachs Elektronik, Gruenstrasse 1, D-79232, March- 
Hugstetten, Germany. In these experiments, only the 
left ventricle is functional. The Pulmonary veins are con- 
nected to a supply hose, in which supply hose there is 
a warm (-37 °C) isotonic, pH balanced and oxygenated 
solution. The solution is pumped by the heart into the 
aorta. The heart itself is supplied with oxygen from the 
aorta, through the coronary arteries. The coronary veins 
empty into the right ventricle, from which the solution 
drips out. The solution which drips out (coronary blood 
flow) can be measured by collecting it in a measuring 
cup. Both the preload and the afterload of the vascular 
system can be simulated and preset to any desirable 
value. !n addition, the afterload and preload can be 
measured using this apparatus. 

[0315] The heart was connected to an ECG monitor, 
a pacemaker and a programmable puise generator. The 
electrodes for applied the field typically had an area of 
b e t W een 2 and 3 cm 2 . The left ventricular pressure (LVP) 
was measured using a pressure probe inserted into the 
ventricle. The flow through the aorta was measured us- 
ing an electro-magnetic flowmeter. Various parameters, 
such as pH, p0 2f pC0 2 and temperature may be meas- 
ured by attaching additional measurement devices. AW 
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the measurement devices may be connected to a com- 
puter which collects, and preferably analyzes the re- 
sults. 

[0316] A most notable experimental result was an in- 

5 crease in flow from the heart as a result of electrical con- 
trol. Another notable result was an increase in afterload 
as a result of the control. Still another notable result was 
an increase in the developed left ventricular pressure, 
in the heart, when electrical control was applied. 

10 [0317] A summary of 26 experiments using an isolat- 
ed heart is as follows, in 20 experiments an increase in 
cardiac output was observed, while in six experiments, 
no increase in cardiac output was observed. Possible 
reasons for the failure to increase cardiac output in- 

15 dude, biological damage to the heart while it was being 
extracted from the animal. In some cases, this damage 
is clear from the reduced cardiac output in one isoEated 
heart as compared to a second, otherwise similar, rabbit 
heart. Other reasons include, incorrect placement of 

20 electrodes (over the right ventricle instead of over the 
left ventricle), encrustation of the electrodes with pro- 
teins and technical problems with the equipment which 
delivers the controlling electric field. In 11 experiments 
where the leftventricle was paced, the average increase 

25 in cardiac output was 17% with a standard deviation of 
11%. In eight experiments where the right atrium was 
paced, the average increase was 9±4%. In nine exper- 
iments, where the heart was not paced and a controlling 
field was applied based on a sensing of local activation 

30 times, the increase was 7±2%. It should be noted that 
the number of experiments is over 26, since in some 
experiments two different pacing paradigms were tried. 
[0318] Fig. 9 is a series of graphs showing the results 
of an experiment in which a 10 mA constant current 

35 pulse, having a duration of 20 msec and delayed 5 msec 
after the pacing of the heart, was applied. Two wire elec- 
trodes were used to apply this pulse, one electrode was 
placed at the apex of the heart overlaying the left ven- 
tricle and one electrode was placed at the base of the 

40 left ventricle. The pacing was performed using a bipolar 
electrode, also placed near the apex of the heart on the 
left ventricle. The pacing rate was approximately 10% 
higher than the normal pace. The pacing pulse was 2 
msec long, 2 mA in amplitude and was applied at a fre- 
45 quency of —3.5 Hz. The application of the constant cur- 
rent pulse is indicated in the Figure (and in the following 
ones) by a bar (filled or unfilled). 
[0319] in this experiment, an increase in the afterload 
(the actual pressure developing in the Aorta) of about 
50 5% and an increase in LVP (Left ventricle pressure) of 
about 3% were observed. The increase in LVP was only 
in the end systole pressure, not in the end diastole pres- 
sure. An increase in flow of about 11 % is clearly shown 
in Fig. 9. The increase in flow is very important since 
55 one of the main problems with patients with congestive 
heart failure is a low cardiac flow. 
[0320] Fig. 1 0 is a series of graphs showing the results 
of an experiment in which a 5 mA constant current pulse, 
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having a duration of 80 msec and delayed 2 msec after 
the pacing of the heart was applied. The wiring and pac- 
ing in this experiment were similar to the experiment de- 
scribed with reference to Fig. 9, except that carbon elec- 
trodes were used for applying the constant current 
pulse. 

[0321] In this experiment, a noticeabie increase in af- 
terload can be determined from the graph. An increase 
in LVP (Left ventricle pressure) of about 6% can also be 
observed. It should be noted that the increase in after- 
load is observed for both the diastolic pressure and the 
systolic pressure, while inside the left ventricle, the pres- 
sure increase is mainly in the systole. In fact, there is a 
slight reduction in diastolic pressure, which may indicate 
an increase in contractility and/or an improvement in di- 
astolic wall motion. An increase in flow of several hun- 
dred percent is clearly shown in Fig, 10. It should be 
noted that a healthy heart may be expected to have a 
flow of about 100 ml/min. The low initial flow {1 2 ml/min.) 
is probably a result of damage to the heart, such as 
ischemia. 

[0322] Fig. 11 isaseriesofgraphsshowingtheresults 
of an experiment in which a 5 mA constant current pulse, 
having a duration of 20 msec and delayed 2 msec after 
the local activation time at the ventricle was used. The 
pacing and wiring in this experiment were similar to the 
experiment described with reference to Fig. 9. A sensing 
electrode was placed on the left ventricle halfway be- 
tween the two controlling electrodes and the delay was 
measured relative to the local activation time at the 
sensing electrode. The sensing electrode comprised 
two side by side "J" shaped iridium-platinum electrodes. 
A pacing pulse was applied using an additional Ag-AgC! 
electrode at the apex of the heart. In this experiment, 
the sensing electrode is shut off for 200 msec after the 
local activation is sensed, so that the controlling pulse 
is not erroneously detected by the sensing electrode as 
a local activation. 

[0323] In this experiment, an increase in the afterload 
and an increase in LVP were observed. The increase 
LVP was only evident in the end systole pressure, not 
in the end diastole pressure. An increase in flow of about 
23% is clearly shown in Fig. 11. 

[0324] Fig. 12 is a series of graphs showing experi- 
mental results from another experiment, showing an sig- 
nificant increase in aortic flow and in aortic pressure. 
The pulse parameters were 5 mA, 70 msec duration and 
a 5 msec delay. Pacing and wiring are as in the experi- 
ment of Fig. 9, 

[0325] Fig. 13 is a series of graphs showing experi- 
mental results from repeating the experiment of Fig. 12, 
showing that the increase in aortic flow is controlled by 
the electrification of the electrodes. Thus, when the elec- 
trification is stopped, the flow returns to a baseline value; 
when the electrification is restarted the flow increases 
again and when the electrification is stopped again, the 
flow returns to the baseline value. 
[0326] Fig. 14 is a series of graphs showing experi- 



mental results from another experiment, in which the 
right atrium was paced at 3 Hz, rather than the left ven- 
tricle being paced at 3.5 Hz, as in previously described 
experiments. Pacing and wiring are similar to those in 
5 the experiment of Fig. 11, except that the pacing elec- 
trodes are in the right atrium and the action potential is 
conducted from the right atrium to the left ventricle using 
the conduction pathways of the heart. The pulse param- 
eters are 5 mAfor 20 msec, with no delay after sensing 
10 a local action potential The sensing electrode is shut 
off for 1 00 msec after it senses the local action potential, 
to reduce the possibility of identifying the controlling 
pulse as a local activation potential. In this experiment, 
an increase in flow of 9% was observed. 
15 [03271 15 is a series of graphs showing experi- 

mental results from another experiment, similar to the 
experiment of Fig. 14, except that instead of using two 
controlling electrodes, four controlling electrodes were 
used. The controlling electrodes were arranged in a 
20 square, with the sensing electrode at the center of the 
square. One pair of controlling electrodes comprised an 
electrode at the apex of the left ventricle and an elec- 
trode at the base. The other two electrodes were located 
in the halfway between the base and the apex of the left 
25 ventricle and near the right ventricle (at either side of 
the left ventricle). The applied pulse was 10 mA for 20 
msec at a delay of 2 msec. Both pairs of electrodes are 
electrified simultaneously. 

[0328] In this experiment, an increase in the afterioad 
30 and an increase in end-systolic LVP were observed. In 
addition, a decrease in end-diastolic LVP was observed. 
An increase in flow of about 7% is also shown in Fig. 15. 
[0329] Fig. 16 is a series of graphs showing experi- 
mental results from another experiment, similar to the 
35 experiment of Fig. 14, except that no sensing electrode 
is used. Rather, an activation signal propagation time is 
estimated for calculation of the desired delay between 
pacing the right atrium and controlling the left atrium. 
The activation propagation time is estimated by meas- 
40 uring the time between the pacing signal and the con- 
traction of the left ventricle. The delay time is 5 msec 
more than the calculated average propagation time and 
was about 140 msec. In this experiment, an increase in 
the afterload and an increase in LVP were observed. An 
45 increase in flow of about 14% is also shown in Fig. 16. 
[0330] Fig. 17 is a series of graphs showing experi- 
mental results from another experiment, similar to the 
experiment of Fig. 14, except that no pacing electrodes 
are used. Rather, the isolated heart is allowed to pace 
50 at its own rhythm. The pulse parameters are a 20 msec 
long pulse of 10 mA applied to both pairs of electrodes 
simultaneously, at a delay of 2 msec after the sensing 
electrode senses a local activation potential. 
[0331] In this experiment, an increase in the afterload 
55 and an increase in LVP were observed. An increase in 
flow of about 7% is also shown in Fig. 17. It should be 
noted that the baseline output of the heart was about 
110 ml/min., which indicates an output of a healthy 
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heart. 

[0332] Fsg. 18A is a series of graphs showing experi- 
mental results from another experiment in which the 
heart was made ischemic. The wiring is similar to that 
of Fig. 17, except that only one pair of controlling elec- 
trodes was used, one at the apex and one at the base 
of the left ventricle. The ischemia was designed to sim- 
ulate a heart attack by stopping the flow of oxygenated 
solution to the coronary arteries for about ten minutes. 
After the flow of oxygenated solution was restarted a re- 
duction in the cardiac output from 100 ml/mm. to 38 ml/ 
mln. was observed. In addition, various arrhythmias in 
the activation of the heart were observed as a result of 
the ischemic incident. Controlling the heart, using a 20 
msec pulse of 5 mA delayed 2 msec after the pacing, 
increased the flow by 16%. The sensing was blocked 
for between 100 and 200 msec after the sensing of a 
local activation. It should be noted that the controlling 
sequence worked even though the heart was arrhyth- 
mic. 

[0333] One interesting result of the isolated heart ex- 
periments relates to pulse forms which do not induce 
fibrillation in the heart. It was determined that the pulse 
should not extend more than about half the duration of 
the left ventricle pressure wave {in this experimental set- 
up, the pressure wave is measured, not electrical activ- 
ity). In addition, a small delay (—5 msec) between the 
pacing and the pulse also appears to protect against fi- 
brillation when the left ventricle is paced. 
[0334] Fig, 18B is a series of graphs showing experi- 
mental results from another experiment in which the out- 
put of the heart was reduced. The heart was paced at 
the right atrium, using a pacing scheme similar to that 
of the experiment of Fig. 14. A controlling current was 
applied to the left ventricle using carbon electrodes. The 
controlling current was a 20 msec pulse of 5 mA ampli- 
tude applied at a delay of 30 msec after the pacing at 
the right atrium. Flow, LVP and Aortic pressure were all 
noticeably reduced as a result of this pulse. 
[0335] Reducing the cardiac output is desirable in 
several circumstances, one of which is the disease 
"Hyperthropic Cardiomyopathy (HOCM)." This control- 
ling scheme reduces the output of the left ventricle and 
the resistance against which the left ventricle is working, 
both of which are desirable for the above disease. It is 
hypothesized that the early controlling pulse (it is ap- 
plied before the activation front from the right atrium 
reaches the left ventricle) works by extending the refrac- 
tory periods of some of the cells in the left ventricle, 
thereby reducing the number of cells which take part in 
the systole and reducing the cardiac output. Presuma- 
bly, different ceils are affected each cardiac cycle. Alter- 
natively, it may be that the precise delay determines 
which cells are affected. It is known to shorten the AV 
interval in order to improve the conditions of patients 
with HOCM. However, in the art, the entire ventricle is 
paced, albeit earlier. In the embodiment of the invention 
just described, the early applied electric filed does not 



cause an early contraction of the ventricle, and does not 
effectively shorten the AV interval, as done in the art. 
[0336] Figs. 19 and 20 show the results of experi- 
ments performed on live animals on an in-vivo heart. In 
5 the experiment whose results are shown in Fig. 19, a 
live 2.5 Kg rabbit was anesthetized using a venous ac- 
cess in its pelvic region with its chest opened to expose 
the heart. The pericardium of the heart was removed to 
provide direct contact between the heart and electrodes. 
io The heart was paced via the left ventricle using a pair 
of titanium electrodes and the controlling current was 
applied using a pair of carbon electrodes. As in previous 
experiments, the pacing was applied at the apex of the 
left ventricle and the controlling electrodes were applied 
15 one at the base and one at the apex of the I eft ventricle. 
The rabbit was artificially respirated and liquids were 
supplied through the venous access. A blood-pressure 
catheter was inserted into the left femoral artery to 
measure the arterial blood pressure. The right carotid 
20 artery was exposed and a magnetic flowmeter was 
placed thereon to measure the flow in the carotid artery. 
The flow in a carotid artery was measured rather than 
the flow in the aorta for reasons of convenience. How- 
ever, it should be noted that the carotid arteries have a 
25 feedback mechanism by which they attempt to maintain 
a constant blood supply to the brain by contracting the 
artery if the flow is too high. 

[0337] The controlling signal was a 40 msec pulse 
having a amplitude of 4 mA and applied 5 msec after 

30 the pacing signal. The pacing signal was a 2 msec, 2 
mA pulse at 5 Hz. An increase in flow in the right carotid 
artery of between 54 and 72% was observed during the 
application of the controlling signal. 
[0338] The experiment whose results are shown in 

35 Fig. 20 had a similar design to the experiment of Fig. 1 9, 
except that the flow was measured using an ultraso nic 
flowmeter. The controlling current was a 20 msec pulse 
having an amplitude of 2 mA and delayed 5 msec from 
the pacing signal (which was the same as in the exper- 

40 jment of Fig. 19). Both an increase in flow and in blood 
pressure were observed in this experiment 
[0339] Fig. 21 shows the results of an experiment in 
an in-vivo heart in which the heart was not paced. It is 
similar to the experiments of Figs. 19 and 20, in that 

45 blood pressure was measured in the right femoral artery 
and flow was measured, using an ultrasonic flowmeter, 
through the right carotid artery. The controlling pulse 
was applied using titan turn-nitride electrodes, at the 
apex and at the base of the left ventricle. An iridium- 

50 platinum bipolar electrode was placed at the apex of 
the left ventricle to sense the arrival of an activation front 
from the SA node of the heart. The controlling current 
was a 20 msec pulse, having an amplitude of 2 mA and 
applied 30 msec after the activation front was sensed. 

55 Increases in both the blood flow and the blood pressure 
were observed in this experiment. 
[0340] Figs 22 and 23 show the results of two exper- 
iments, similar to the experiment of Fig. 21 , in which the 
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flow parameter was measured on the ascending aorta. 
The heart of a 1 .1 Kg rabbit was exposed and a sensing 
electrode (bipolar) was inserted, using a needle, into the 
apex of the heart. Two carbon electrodes were used to 
apply a controlling pulse to the heart, at the apex and 
the base of the left ventricle. The heart was not paced, 
it intrinsic pace was about 5 Hz, The control pulse was 
a 5 mA in amplitude and had a duration of 40 msec. 
There was no delay between the sensing of an activa- 
tion front at the sensing electrodes and application of 
the pulse. 

(0341} Fig. 22 shows an increase of about 11% in the 
aortic flow. Fig. 23, which shows the results of a repeti- 
tion of the same experiment on the same animal at a 
later time, shows an increase of about 8%. 
[0342] Although the present invention has been de- 
scribed mainly with reference to the heart, it should be 
appreciated that preferred embodiments of the present 
invention may be applied to other types of excitable tis- 
sue. In one example, skeletal muscle and smooth mus- 
cle can be controlled as described hereinabove. It 
should however be appreciated, that most muscles 
have different ion channels and different resting poten- 
tials than cardiac muscle s so that the general principles 
must be adapted to the individual physiology. In addi- 
tion, the effects in a skeleton muscle may be due to re- 
cruitment of muscle fibers. Further, the present inven- 
tion may be applied to neural tissue. For example, epi- 
leptic fits and tetanization may be controlled by damping 
the excitability of neural tissue, as described above. Al- 
ternatively, electrical control may be used in conjunction 
with electrical stimulation of denervated or atrophied 
muscles to increase the precision of stimulation. Addi- 
tionally or alternatively, electrical control may be used 
to block or enhance conduction of stimuli along nervous 
pathways, for example, to control pain. 
[0343] In a preferred embodiment of the invention, ep- 
ileptic fits are controlled by suppressing Golgi cells, 
thus, reducing the excitability of associated neural tis- 
sues by reducing the amount of available calcium. 
[0344] The above description of the present invention 
focuses on electrical control of cardiac tissue. However, 
since some aspect of the control may be related to cal- 
cium ion transport in the cardiac tissue, non-electrical 
control is also possible. One major advantage of non- 
electrical control is that even though incorrect synchro- 
nization of the control to the cardiac cycle may reduce 
the cardiac output, there is tittle or no danger of fibrilla- 
tion. In one preferred embodiment of the present inven- 
tion light is used to control calcium transport in portions 
of the heart. Laser light may be used to affect the calci- 
um transport directly. Alternatively, a light activated che- 
lator, which is introduced into at least some of the celts 
in a heart, may be activated by regular light to change 
the availability (increasing or reducing) of calcium in the 
illuminated cells. A controller in accordance with this 
embodiment of the invention, will include at least a light 
source and a light guide, preferably an optical fiber, 



which will convey the light to desired portions of the 
heart. Preferably, the optical fiber is a silicon-rubber op- 
tical fiber which is resistant to breakage. Alternatively, 
the controller comprises a plurality of light emitting ele- 
5 ments, such as laser diodes, placed directly on the con- 
trolled tissue. Further alternatively, the light is provided 
by a catheter inserted into the heart and either floating 
in the heart or fixed to the heart wait. The controller pref- 
erably includes an ECG sensor for sensing local and/or 
10 global activation times, as described above. 

[0345] One limitation of light over electrical current is 
that unless the body tissues are transparent to the par- 
ticular wavelength used, light can only have a very lo- 
calized effect, a global effect requires many light sourc- 
es es, which is invasive. One type of less invasive light 
source which may be useful is an optical fiber having a 
partially exposed sheath. Light will leak out of the fiber 
at the exposed portions, so a single fiber can illuminate 
a plurality of localities. 
2o [0346] In an alternative embodiment of the invention, 
electromagnetic radiation at low and/or radio frequen- 
cies is used to affect calcium transport in the cardiac 
tissue. Several methods may be used to provide elec- 
tromagnetic radiation. In one method, the entire heart is 
25 irradiated, preferably in synchrony with a sensed ECG 
of the heart. In another method, a phased array is used 
to aim the radiation at the heart. As noted above, the 
non-arrhythmic heart substantially repeats its position 
each cycle, so there is no problem of registration be- 
30 tween an external source and a portion of the heart. In 
yet another method, an implanted device includes a plu- 
rality of antennas, each disposed adjacent to a portion 
of tissue to be controlled. The antennas may be pow- 
ered by a central source. Alternatively, the antenna are 
35 concentrate externally applied radiation. Further alter- 
natively, the antennas are coils which gene 
AC magnetic fields. It should be noted that electromag- 
netic radiation appears to be suitable for reducing cal- 
cium availability, which makes it suitable for reducing the 
40 oxygen demands of an infarcted tissue after a heart at- 
tack. In embodiments using electromagnetic-radiation 
as in light and electric current, there may be a long term 
reduction in the effectiveness of the controller due to ad- 
aptation mechanisms of the heart. Thus, in a preferred 
45 embodiment of the invention, the controller is not used 
continuously, with preferred rest periods between uses, 
being minutes, hours, days or weeks depending on the 
adaptation of the heart. 

[0347] In a preferred embodiment of the invention, 
so two or more control modalities are applied simultane- 
ously, for example, applying both light radiation and 
electric fields. Alternatively, these modalities may be ap- 
plied alternately, so as to cope with adaptation mecha- 
nisms. Preferably, each modality is applied untiS adap- 
55 tation sets in, at which point the modality is switched. 
[034S] Although the present invention has been de- 
scribed using a limited number of preferred embodi- 
ments, it should be appreciated that it Is within the scope 
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of the invention to combine various embodiments, for 
example, increasing the contractility of the left ventricle, 
while controlling the heart rate in the right atrium. It is 
also in the scope of the present invention to combine 
limitations from various embodiments, for example, lim- 
itations of pulse duration and pulse delay relative to an 
activation or limitations on electrode type and electrode 
size. Further, although not all the methods described 
herein are to be construed as being performed using 
dedicated or programmed controllers, the scope of the 
invention includes controllers which perform these 
methods. In some cases, limitations of preferred em- 
bodiments have been described using structural orfunc- 
tional language for clarity, however, the scope of the in- 
vention includes applying these limitations to both ap- 
paratus and methods. 

[0349] It will be appreciated by a person skilled in the 
art that the present invention is not limited by what has 
thus far been particularly described. Rather, the present 
invention is limited only by the claims which follow. 



Claims 

1. Heart control apparatus suitable to modify the ac- 
tivity of the heart or of a portion thereof, comprising 
ci rcu itry for gen e rating a no n-excitatory el ectri c f iel d 
(37), and electrodes (34, 36, 37, 52, 54, 59) for ap- 
plying to a heart or to a portion thereof said non- 
excitatory electric field, wherein said circuitry for 
generating a non-excitatory electric field (37) gen- 
erates a field with a timing rotative to the activation 
of the heart or of a portion thereof, and of a ampli- 
tude, shape, phase, frequency, and duration such 
as to be unable to generate a propagating action 
potential. 

2. Apparatus according to claim 1 , comprising means 
for generating an AC non-excitatory electric field. 

3. Apparatus according to claim 1 , comprising means 
for imparting to the non-excitatory electric field (37) 
a temporal envelope selected from exponential 
temporal envelope, sinusoidal temporal envelope, 
square temporal envelope, triangular temporal en- 
velope, ramped temporal envelope, sawtooth tem- 
poral envelope, and biphasic temporal envelope, 

4. Ap paratu s accordi ng to cla im 1 , f u rther co m prisi n g 
means for mapping the activation profile of the por- 
tion. 

5. Heart control apparatus according to claim 1, 
wherein the electrodes (34, 36, 37, 52, 54, 59) are 
suitable to be positioned externally to the body. 

6. Heart control apparatus according to claim 1, said 
apparatus being suitable for controlling a parameter 



selected from the force of contraction, heart rate, 
stroke volume, chamber or aortic pressure, or out- 
put flow. 

5 7. Heart control apparatus according to claim 1, 
wherein the electrodes (34, 36, 37, 52, 54, 59) com- 
prise at least one unipolar electrode and a housing 
which functions as a second electrode. 

10 8, Apparatus according to claim 1 , comprising at least 
two electrodes, suitable to apply said non-excitatory 
electric field (37) across at least one predetermined 
portion of the heart. 

15 9. Apparatus according to claim 1 , comprising at least 
three electrodes, wherein each pair of said at least 
three electrodes is selectively and separately elec- 
triftable. 

20 10, Apparatus according to claim 1, comprising a sen- 
sor (58) adapted to sense the activation of a portion 
of a heart, and field application circuitry adapted to 
apply said field to the electrodes (34, 36, 37, 52, 54, 
59) as a response to activation sensed by said-sen- 

25 sor (58), 



11. Apparatus according to claim 10, further comprising 
logic circuitry to calculate the application parame- 
ters of the electric field from the activation sensed 

30 by the sensor (58). 

12. Apparatus according to claim 11, wherein the appli- 
cation parameters include the delay time from the 
sensed activation. 

35 

13. Apparatus according to claim 10, further comprising 
multiple sensors that sense independently or in a 
combined logic. 

40 14. Apparatus according to any one of claims 1 to 13, 
further comprising feedback control means to 
measure at least one physiological response to the 
electrification of the electrodes (34, 36, 37, 52, 54, 
59), and to modify the application parameters of the 

45 non-excitatory electric field (37) as a result of said 
responses in order to maintain said responses with- 
in a predetermined range of values. 

15. Apparatus according to any one of claims 1 to 14, 
so further comprising synchronization circuitry, to syn- 
chronize the application of the non-excitatory elec- 
tric field (37) to the pacing signal generated by a 
pacemaker wherein the pacemaker and the remain- 
der of the apparatus are contained in a common 

55 housing and use common electrodes. 

16. Apparatus according to any one of claims 1 to 14, 
further comprising synchronization circuitry, to syn- 
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chronize the application of the n on-excitatory elec- 
tric field (37) to the defibrillating signal generated by 
a defibrillator wherein the defibrillator and the re- 
mainder of the apparatus are contained in a com- 
mon housing and use common electrodes. 

17. Apparatus according to claim 4, further comprising 
circuitry for modifying the conduction velocity in a 
non-arrhythmic segment of a heart portion. 

18. Apparatus according to claim 1 , comprising circuitry 
for sensing the activation by sensing a value of a 
parameter of an ECG, and circuitry for estimating 
the activation time based on a delay value associ- 
ated with the value of the parameter 

19. Apparatus according to claim 1, comprising means 
for electrifying the electrodes (34, 36, 37, 52, 54, 
59) using a single signal which combines a pacing 
signal and a non-excitatory electric field (37). 

20. Apparatus according to claim 1 , comprising control- 
ling means and memory means to coordinate the 
electrification of all the electrodes (34, 36, 37, 52, 

. - 54, 59). --- -- - 

21 . Heart control apparatus according to claim 1 , com- 
prising circuitry for applying a nonexcitatory electric 
field to a first portion of a heart chamber, such that 
a force of contraction of the first portion is lessened, 
and circuitry for applying a non-excitatory electric 
field (37) to a second portion of a chamber, such 
that a force of contraction of the second portion is 
increased. 



the output flow, contractility, or pressure of said 
chamber, when surgery is performed on tissue per- 
fused by the flow of said chamber, and wherein said 
field is such as to be unable to generate a propa- 
5 gating action potential, and thereafter performing 

the required surgical procedure on said area. 

25, Apparatus according to claim 1, wherein the circuit- 
ry comprises one implantable light source which 

10 generates pulses of light, for at least 1000 cardiac 
cycles, over a period of less than 5000 cycles or a 
plurality of light sources each attached to a different 
site of the heart, and a wave guide for providing non- 
damaging intensities of light from the light source to 

15 at least one site of the heart. 

26. Apparatus according to claim 1 , wherein the circuit- 
ry comprises means for irradiating the portion with 
radio frequency radiation synched to the activation, 

20 and means for repeating irradiating at at least 100 
cardiac cycles, during a period of less than 1000 
cardiac cycles. 



25 Patentanspruche 



22. Apparatus according to claim 1 , comprising circuitry 
for applying separate non-excitatory electric fields, 
independently or in synchronization with one anoth- 
er, to a plurality of subportions of a heart, having 
each independently defined activations. 

23. Apparatus according to claim 1, characterized in 
that the circuitry for generating a non-excitatory 
electric field (37) generates a field of a magnitude, 
shape, duty cycle, phase, frequency and duration 
suitable to control the electro-mechanical activity of 
the tissue in the area on which surgery is to be per- 
formed, and wherein said field is unable to generate 
a propagating action potential. 

24. Apparatus according to claim 23, comprising circuit- 
ry for generating a non-excitatory electric field (37), 
and electrodes (34, 36, 37, 52, 54, 53) for applying 
to a heart chamber or to a portion thereof said non- 
excitatory electric field (37), wherein said circuitry 
for generating a nonexcitatory electric field (37) 
generates a field of a magnitude, shape, duty cycle, 
phase, frequency and duration suitable to reduce 



1. Herzsteuerungsvorrichtung, die geeignet ist, die 
Aktivitat des Herzens Oder eines Abschnitts davon 
zu andern, und die eine Schaltungsanordnung zum 

30 Erzeugen eines nicht-erregenden elektrischen 

Felds (37) und Elektroden (34, 36, 37, 52, 54, 59) 
zum Anlegen des nicht-erregenden elektrischen 
Felds an ein Herz oder an einen Abschnitt davon 
umfasst, wobei die Schaltungsanordnung zum Er- 

35 zeugen eines nicht-erregenden elektrischen Felds 
(37) ein Feid mit einer Zeitgebung relativ zur Akti- 
vierung des Herzens oder eines Abschnitts davon 
und mit einer Amplitude, einer Form, einer Phase, 
einer Frequenz und einer Dauer, sodass kein sich 

ao ausbreitendes Aktionspotential erzeugt werden 
kann, erzeugt. 

2. Vorrichtung gemafc Anspruch 1, die Mittel zum Er- 
zeugen eines nicht-erregenden elektrischen Wech- 

45 selfelds umfasst. 

3. Vorrichtung gemafi Anspruch 1 , die Mittel umfasst, 
urn dem nicht-erregenden elektrischen Feld (37) ei- 
ne zeitliche Einhullende zu verleihen, die aus einer 

so exponentiellen zeitfichen Einhullenden, aus einer 
sinusformigen zeitlichen Einhullenden, aus einer 
rechteckigen zeitlichen Einhullenden, aus einer 
dreieckigen zeitlichen EinhOllenden, aus einer an- 
steigenden zeitlichen Einhullenden, aus einer sa- 

55 gezahnformigen zeitlichen Einhullenden und aus 
einer zweiphasigen zeitlichen Einhullenden ausge- 
wahlt ist. 
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4. Vorrichtung gemafi Anspruch 1, die ferner Mittel 
zum Abbilden des Aktivie rungs prof ils des Ab- 
schnjtts umfasst. 

5. Herzsteuerungsvorrichtung gemaE. Anspruch 1 , bei 
der die Elektroden (34, 36, 37, 52, 54, 59) geeignet 
sind, aulierhalb des Korpers angeordnet zu wer- 
den. 

6. Herzsteuerungsvorrichtung gemaft Anspruch 1 , die 
geeignet ist, einen Parameter zu steuern, der aus 
der Kontraktionskraft, aus der Herzfrequenz, aus 
dem Schlagvolumen, aus dem Kammer- Oder Aor- 
tadruck oder aus dem Ausgangsfluss ausgewahlt 
ist. 

1. Herzsteuerungsvorrichtung gemafi Anspruch 1 , bei 
der die Elektroden (34, 36, 37, 52, 54, 59) wenig- 
stens eine Unipolarelektrode und ein Gehause, das 
als eine zweite Elektrode arbeitei, umfassen. 

8. Vorrichtung gemali Anspruch 1, die wen]gstens 
zwei Elektroden umfasst, die geeignet sind, das 
nicht-erregende elektrische Feld (37) wenigstens 
uber e ine n vorgegebenen Anteli des Herzen anzu- 
legen. 

9. Vorrichtung gemafi Anspruch 1 , die wenigstens drei 
Elektroden umfasst, wobei jedes Paar der wenig- 
stens drei Elektroden wahlweise und getrennt elek- 
trisierbar ist. 



10. Vorrichtung gemafi Anspruch 1, die einen Sensor 
(58), der die Aktivierung ernes Abschnitts eines 
Herzens fuhJen kann, und eine Feldanlege-Schal- 
tungsanordnung, die in Reaktion auf die durch den 
Sensor (58) gefuhlte Aktivierung das Feld an die 
Elektroden (34, 36, 37, 52, 54, 59) anlegen kann, 
umfasst. 

11. VorrichtunggemafiAnspruch10,diefernereineLo- 
gikschaltungsanordnung zum Berechnen der Anle- 
geparameter des elektrischen Felds aus der durch 
den Sensor (58) gefuhlten Aktivierung umfasst, 

12. Vorrichtung gemafi Anspruch 11, bei der die Anle- 
geparameter die Verzogerungszeit aus der gefuhi- 
ten Aktivierung enthalten. 

13. Vorrichtung gemali Anspruch 10, die ferner mehre- 
re Sensoren umfasst, die unabhangig oder in einer 
gemeinsamen Logik fuhlen. 

14. Vorrichtung gemafi einem der Anspruche 1 bis 13, 
die ferner Ruckkopplungssteuermittel zum Messen 
wenigstens einer physiologischen Reaktion auf die 
Elektrisierung der Elektroden (34, 36, 37, 52, 54, 
59) und zum Andern der Anlegeparameter des 



nicht-erregenden elektrischen Felds (37) im Ergeb- 
nis der Reaktionen umfasst, urn die Reaktionen in- 
nerhalb eines vorgegebenen Wertebereichs zu er- 
halten. 

5 

15. Vorrichtung gemafi einem der Anspruche 1 bis 14, 
die ferner eine Synchronisationsschaltungsanord- 
nung zum Synchronisieren des Anlegens des nicht- 
erregenden elektrischen Felds (37) mit dem durch 

10 einen Herzschrittmacher erzeugten Stimulationssi- 
gnal umfasst, wobei der Herzschrittmacher und der 
Rest der Vorrichtung in einem gemeinsamen Ge- 
hause enthalten sind und gemeinsame Elektroden 
verwenden. 

15 

16. Vorrichtung gemali einem der Anspruche 1 bis 14, 
die ferner eine Synchronisationsschaltungsanord- 
nung zum Synchronisieren des Anlegens des nicht- 
erregenden elektrischen Felds (37) an das durch ei- 

20 nen Defibrillator erzeugte Defibriliationssignai um- 
fasst, wobei der Defibrillator und der Rest der Vor- 
richtung in einem gemeinsamen Gehause enthal- 
ten sind und gemeinsame Elektroden verwenden, 

25 17. Vor richtung gemafi Anspruch 4, die ferner eine 
Schaltungsanordnung zum Andern der Leitungsge- 
schwindigkeit in einem nicht arrhythmischen Seg- 
ment eines Herzabschnitts umfasst. 

30 18. Vorrichtung gemafi Anspruch 1, die ferner eine 
Schaltungsanordnung zum Fuhlen der Aktivierung 
durch Fuhlen eines Werts eines Parameters eines 
EKG und eine Schaltungsanordnung zum Schatzen 
der Aktivie rungszeit anhand eines dem Wert des 

35 Parameters zugeordneten Verzogerungswerts um- 
fasst: 

19. Vorrichtung gemali Anspruch 1, die Mittel zum 
Elektrisieren der Elektroden (34, 36, 37, 52, 54, 59) 

40 unter Verwendung eines einzelnen Signals, das ein 
Stimulationssignal und ein nicht-erregendes elektri- 
sches Feld (37) verknupft, umfasst. 

20. Vorrichtung gemafi Anspruch 1, die Steuermittel 
45 und Speschermittel zum Koordinieren der Elektrisie- 
rung aller Elektroden (34, 36, 37, 52, 54, 59) um- 
fasst. 

21 . Herzsteuerungsvorrichtung gemafi Anspruch 1 , die 
50 eine Schaltungsanordnung zum Anlegen eines 

nicht-erregenden elektrischen Felds an einen er- 
sten Abschnitt einer Rerzkammer, sodass eine 
Kontraktionskraft des ersten Abschnitts verringert 
wird, und eine Schaltungsanordnung zum Anlegen 
55 eines nicht-erregenden elektrischen Felds (37) an 
einen zweiten Abschnitteiner Kammer, sodass eine 
Kontraktionskraft des zweiten Abschnitts erhoht 
wird, umfasst. 
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22. Vorrichtung gemaft Anspruch 1, die eine Schai- 
tungsanoFdnung zum Anlegen getrennter nicht-er- 
regender elektrischer Felder unabhangig Oder in 
Synchronisation miteinander an mehrere Unterab- 
schnitte eines Herzens, die jeweils unabhangig de- 
finierte Aktivierungen besitzen, umfasst. 

23. Vorrichtung gemalS Anspruch 1, dadurch gekenn- 
zeichnet, dass die Schaltungsanordnung zum Er- 
zeugen eines nicht-erregenden elektrischen Felds 
(37) ein Feld mit einer Grofte, einer Form, einem 
Tastgrad, einer Phase, einer Frequenz und einer 
Dauer erzeugt, die geeignet sind, die elektrome- 
chanische Aktivitat des Gewebes in dem Bereich 
zu steuern, in dern eine Operation ausgefuhrt wer- 
den soli, wobei das Feld kein sich ausbreitendes 
Aktionspotential erzeugen kann. 

24. Vorrichtung gemaft Anspruch 23, die eine Schal- 
tungsanordnung zum Erzeugen eines nicht-erre- 
genden elektrischen Felds (37) und Elektroden (34, 
36, 37, 52, 54, 59) zum Anlegen des nicht-erregen- 
den elektrischen Felds (37) an eine Herzkammer 
Oder an einen Abschnitt davon umfasst, wobei die 
Schaltungsanordnung zu m Erzeugen ei nes n icht- 
erregenden elektrischen Felds (37) ein Feld mit ei- 
ner Grofte, einer Form, einem Tastgrad, einer Pha- 
se, einer Frequenz und einer Dauer erzeugt, die ge- 
eignet sind, den Ausgangsfluss, die Kontraktions- 
fahigkeit oderden DruckderKammerzu verhngem, 
wenn an dem durch den Fluss der Kammer durch- 
trankten Gewebe eine Operation ausgefuhrt wird, 
wobei das Feld so beschaffen ist, dass es kein sich 
ausbreitendes Aktionspotentiai erzeugen kann, 
und wobei anschlieftend in dem Bereich der gefor- 
derte Eingriff ausgefuhrt wird. 



Revendications 

1. Appareil de commande du coeur apte a modifier 
I'activite du coeur ou d'une portion de ce!ui-ci, com- 

5 prenant un circuit pour produire un champ electri- 

que non-excitateur (37) et des electrodes (34, 36, 
37, 52, 54, 59) pour appliquer a un coeur ou a une 
portion de celui-ci ledit champ electrique non-exci- 
tateur, ou ledit circuit pour produire un champ elec- 
ts trique non-excitateur (37) produ it un champ avecun 
cad en cement rel atif a I'activation du coeur ou d'une 
portion de celui-ci, et d'une amplitude,: forme, pha- 
se, frequence et duree de facon a ne pas pouvoir 
produire de potentiel d'action de propagation. 

15 

2. Appareil selon la revendication 1, comprenant un 
moyen pour produire un champ electrique de CA 
non-excitateur. 



20 
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3. Appareil selon la revendication 1, comprenant des 
moyens pour impartirau champ electrique non-ex- 
citateur (37) une enveloppe temporaire selection- 
nee parmi une enveloppe temporaire exponentielle, 
une enveloppe temporaire sinusoidale, une enve- 
loppe temporaire carree, une enveloppe temporaire 
triangulaire, une enveloppe temporaire en rampe, 
une enveloppe temporaire en dents de scie et une 
enveloppe temporaire biphasee. 

4. Appareil selon la revendication 1, comprenant en 
outre des moyens pour cartographier ie profil d'ac- 
tivation de la portion. 

5. Appareil de commande du coeur selon la revendi- 
cation 1, ou les electrodes (34, 36, 37, 52, 54, 59) 
sont aptes a etre position nees a I'exterieurdu corps. 



6, 



25, Vorrichtung gemafl Anspruch 1, bei der die Schal- 
tungsanordnung eine implantierbare Lichtquelle, 

die fur wenigstens 1 000 Herzzyklen Liber eine Zeit- 40 
dauer von weniger als 5000 Zyklen Lichtimpulse er- 
zeugt, Oder mehrere Lichtquetlen, die jeweils an ei- 
ner anderen Stelle des Herzens befesttgt sind, so- 
wie einen Wellenleiter zum Liefern nicht beschadi- 
gender Lichtintensitaten von der Lichtquelle zu we- 45 7. 
nigstens einer Stetle des Herzens umfasst. 

26. Vorrichtung gemaR, Anspruch 1, bei der die Schal- 
tungsanordnung Evlitte! zum Bestrahlen des Ab- 
schnitts mit einer Hochfrequenzstrahlung, die mit 60 
der Aktivierung synchronisiert ist, und Mittel zum 8. 
Wiederholen der Bestrahtung in wenigstens 100 
Herzzyklen wahrend einer Periode von weniger ats 

1000 Herzzyklen umfasst. 

55 

9. 



Appareil de commande du coeur selon la revendi- 
cation 1, ledit appareil etant apte a commander un 
parametre selectionne parmi la force de contrac- 
tion, ie rythme cardiaque, le debit sysfolique, la 
pression aortique ou de cavite ou le debit cardia- 
que. 

Appareil de commande du coeur selon la revendi- 
cation 1, ou les electrodes (34, 36, 37, 52, 54, 59) 
comprennent au moins une electrode unipolaire et 
un bottier qui fonctionne com me seconde electro- 
de. 

Appareil selon la revendication 1, comprenant au 
moins deux electrodes, appropriees a appliquer le- 
dit champ electrique non-excitateur (37) a au moins 
une portion predeterminee du coeur. 

Appareil selon la revendication 1, comprenant au 
moins trois electrodes, ou chaque paire desdites au 
moins trois electrodes peut etre electnfiee seiecti- 
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vement et separement 



de retard associee a la valeur du parametre. 



10. Appareil selon la revendication 1, comprenant un 
capteur (58) apte a detecter I'activation d'une por- 
tion d'un coeur, et un circuit d'application de champ 
apte a appliquer ledit champ aux electrodes (34, 36, 
37, 52, 54, 59) en reponse a ['activation detectee 
par ledit capteur (58). 

11. Appareil selon la revendication 10, comprenant en 
outre un circuit logique pourcalculerles para metres 
d'application du champ electrique a partir de I'actt- 
vation detectee par ie capteur (58). 

12. Appareil selon la revendication 11, ou les parame- 
tres d'application comprennent le temps de retard 
de i'activation detectee. 

13. Appareil selon la revendication 10, comprenant en 
outre des capteurs multiples qui detectent indepen- 
damment ou en une logique combinee. 

14. Appareil selon Tune des revendications 1 a 13, com- 
prenant en outre un moyen de comma nde a retroac- 
tion pouF mesurer au moins une reponse -physiolo--. 
gique a ^electrification des electrodes {34, 36, 37, 
52, 54, 59) et pour modifier les parametres d'appli- 
cation du champ electrique non-excitateur (37) par 
suite desdites reponses afin de mamtenir lesdites 
reponses dans une plage de valeurs predetermi- 
nee. 

1 5. Appareil selon I'une des revendications 1 a 14, com- 
prenant en outre un circuit de synchronisation pour 
synchroniser I'appiication du champ electrique non- 
exdtateur (37) avec le signal de stimulation produit 
par un stimulateur cardiaque, ou le stlmulateur car- 
diaque et le reste de I'appareil se trouvent dans un 
bottier commun et utilisentdes electrodes commu- 
nes. 

1 6. Appareil selon I'une des revendications 1 a 14, com- 
prenant en outre un circuit de synchronisation pour 
synchroniser I'appiication du champ electrique non- 
excitateur (37) avec le signal de defibrillation pro- 
duit parun defibrillateur, ou le defibriilateur et le res- 
te de I'appareil se trouvent dans un bottier commun 
et utilisent des electrodes communes. 

17. Appareil selon la revendication 4, comprenant en 
outre un circuit pour modifier la vitesse de conduc- 
tion dans un segment non-arythmique d'une portion 
de coeur. 

18. Appareil selon la revendication 1, comprenant un 
circuit pour detecter I'activation en detectant une 
valeur d'un parametre d'un ECG, et un circuit pour 
estimer le temps d'activation base sur une valeur 



19. Appareil selon la revendication 1, comprenant un 
moyen pour electrifier les electrodes (34, 36, 37, 52, 

5 54, 59) en utilisant un signal unique qui combine un 

signal de stimulation et un champ electrique noi> 
excitateur (37), 

20. Appareil selon la revendication 1, comprenant un 
10 moyen de commando et un moyen de memoire 

pour coordonner I'electnfication de toutes les elec- 
trodes (34, 36, 37, 52, 54, 59). 

21. Appareil de commande du coeur selon la revendi- 
15 cation 1, comprenant un circuit pour appliquer un 

champ electrique non-excitateur a une premiere 
portion d'une cavite du coeur de sorts qu'une force 
de contraction de la premiere portion est diminuee, 
et un circuit pour appliquer un champ electrique 
20 non-excitateur (37) a une seconde portion d'une ca- 

vite, de sorte qu'une force de contraction de la se- 
conde portion est augmentee. 

22. Appareil selon la revendication 1, comprenant un 
25 circuit pour appliquer des champs electriques non- 



excitateurs separes, independamment ou d'une 
maniere synchronises a plusieurs sous-portions 
d'un coeur, chacune ayant des activations definies 
independamment. 



30 



23. Appareil selon la revendication 1, caracterise en 
ce que le circuit pour produire un champ electrique 
non-excitateur (37) produit un champ d'une gran- 
deur, forme, rapport cyclique, phase, frequence et 
35 duree apte a commander I'activite etectro-mecani- 
que du tissu dans la zone sur laquelle une chirurgie 
doit eire executee, et ou ledit champ ne peut pas 
produire un potentiel d'action de propagation. 

40 24. Appareil selon la revendication 23, comprenant un 
circuit pour produire un champ electrique non-exci- 
tateur (37) etdes electrodes (34, 36, 37, 52, 54, 59) 
pour appliquer a une cavite du coeur ou a une por- 
tion de celle-ci ledit champ electrique non-excita- 

45 teur (37), ou ledit circuit pour produire un champ 
electrique non-excitateur (37) produit un champ 
d'une grandeur, forme, rapport cyclique, phase, fre- 
quence et duree apte a reduire le debit d'ecoule- 
ment, la contractilite ou la pression de ladite cavite, 

so lorsque la chirurgie est executee sur du tissu perfu- 
se par I'ecoulement de ladite cavite, et ou ledit 
champ est tel qu'il ne peut pas produire de potentiet 
d'action de propagation, et en executant ensuite 
Intervention chirurgicale requise sur ladite zone. 

55 

25. Appareil selon la revendication 1 , ou le circuit com- 
prend une source de lumiere implantable qui pro- 
duit des impulsions de lumiere, pendant au moins 
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1000 cycles cardiaques, sur une periode inferieure 
a 5000 cycles ou blen plusieurs sources de lumiere, 
chacune fixee a un site different du coeur, et un gui- 
de d'ondes pour foumir des intensites non-endom- 
mageantes de lumiere de \a source de lumiere a au s 
moins un site du coeur 

26. Appareil selon la revendlcation 1 , ou le circuit com- 
prend un moyen pour irradier la portion par un 
rayon nement haute frequence synchronise avec w 
I'activation, et un moyen pour repeter I'irradiation a 
au moins 100 cycles cardiaques, pendant une pe- 
riode inferieure a 1000 cycles cardiaques. 
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